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Abstract: We study large deviations principles for N random processes on the lattice
Z% with finite time horizon [0, 3] under a symmetrised measure where all initial and
terminal points are uniformly given by a random permutation. That is, given a permu-
tation o of N elements and a vector (z1,...,2zxy) of N initial points we let the random
processes terminate in the points (950(1)7 . ,xa(N)) and then sum over all possible per-
mutations and initial points, weighted with an initial distribution. There is a two-level
random mechanism and we prove two-level large deviations principles for the mean of
empirical path measures, for the mean of paths and for the mean of occupation local
times under this symmetrised measure. The symmetrised measure cannot be written
as any product of single random process distributions. We show a couple of important
applications of these results in quantum statistical mechanics using the Feynman-Kac
formulae representing traces of certain trace class operators. In particular we prove
a non-commutative Varadhan Lemma for quantum spin systems with Bose-Einstein
statistics and mean field interactions.

A special case of our large deviations principle for the mean of occupation local
times of IV simple random walks has the Donsker-Varadhan rate function as the rate
function for the limit N — oo but for finite time 5. We give an interpretation in
quantum statistical mechanics for this surprising result.
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2 STEFAN ADAMS AND TONY DORLAS
1. INTRODUCTION

Let N random processes in continuous time on the lattice Z¢ with initial distribution m € P(Z%),
where P(Z?) is the set of probability measures on Z%, be given. We fix the time horizon as [0, 3]. In
this paper we study large deviations for different functionals of the N random processes for large NV
under the symmetrised distribution

f]yg)_N' Z Z Z ®m _rz 3617360(1) (1.1)

o€BN 1174 rn€eZd 1=1

Here Gy is the set of all permutations of N elements and the measure P2 is defined for any

TisTo (i)
o€ 6y and z; € Z% 1 < i < N, as the conditional probability measure for the i-th random process
starting at x; with terminal location z,(;. That is, in (1.1) we have two mechanisms. First we
draw uniformly a permutation and after that we pick N initial points which are permuted according
to the chosen permutation to obtain /N terminal points. Then these N initial and terminal points
determine the N random processes. Finally we average over all permutations and initial points which
are weighted with the given initial distribution m. Hence we prove two-level large deviations principles
for the symmetrised distribution IP’?,Y;‘) The symmetrised measure Pf}:g) itself is of interest because
of the following reasons.

The symmetrisation in (1.1) is described by the set of N pairs (z1,...,2N;Zs(1) - - -, To(n)) for any
permutation o € Gy and any = € Z% The mixing procedure for the second entry in these pairs
has been studied both in [DZ92] and [Tr02], which were motivated from asymptotic questions about
exchangeable vectors of random variables. [DZ92] studies large deviations for the empirical measures
% sz\il dy;, where Y7, ..., Yn have distribution fe w(do) P;\?) for some distribution g on some compact
space ©, and the empirical measures are assumed to satisfy a large deviation principle under P](\?) for
each 0. In [Tr02], a similar problem is studied: given a sequence of random vectors (Y{",... Y \*")
such that the empirical measures % Ef\i 1 5Y(N) satisfy a large deviation principle, another principle

is established for the process of empirical measures ZL N x> where

1
(XiN) X(N)) ~i Z (Y%\?)"' Y(éV]\)]))

ceBN

Our second main motivation for studying the symmetrised distribution Pﬁyg) stems from the applica-

tion of Feynman-Kac formulae to express thermodynamic functions in quantum statistical mechanics.
These thermodynamic functions are given as traces over exponentials of the Hamilton operator de-
scribing the quantum system. There exist two kinds of elementary particles in nature, the Fermions
and the Bosons. The state of a system of N Bosons is described by a symmetrisation procedure like in
(1.1), whereas the state for Fermions is given with the corresponding anti-symmetrisation procedure.
Thus one is lead to employ large deviation technique to study the large N-limit for expectations with
respect to the symmetrised distribution. We apply our main large deviation results in Section 2.2 and
Section 2.3 to systems of Bosons in quantum statistical mechanics.

We derive large deviations principles under the symmetrised distribution }P’(gyg) for the empirical path
measure Ly, for the mean path Yy and for the mean of occupation measures Zy, all defined as functions
of the N random paths €0, ..., 6™ [0, 8] — Z%, which are elements of the space Dg = D([0,0]; 7%) of
all functions w : [0, 3] — Z4, which are right continuous with left limits. The empirical path measures

1 N
=N Z(Sg(i) (1.2)
=1
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are random elements in the set ‘B(Dg) of probability measures on Dg, the mean path
Yu = — ﬁ:gm (1.3)
N=
is a random element in Dg([0, B];RY) whereas the mean of the normalised occupation local times

| N
_ (%)
In= 305, (1.4)
=1
is a random probability measure on Z¢, where the normalised occupation local times are defined as

_ 1 6
D () — * . | = d
Uy (2) = ﬁ/o ]l{ggz)zz}ds, 1=1,...,N,z € Z°%, (1.5)

which represent the relative time the i-th random process spends up to time 3 in the state z.

Our large-deviation rate functions for the three principles are explicit in terms of variational prob-
lems involving an entropy term (describing the large deviations of the permutations) and a certain
Legendre transform (describing the large deviations of Ly, Yy and Zy, respectively, for a fixed permu-
tation). These two parts in the variational formula for the rate function are due to the two-level large
deviations, which has something in common with the multilevel large deviations studied in [DG94].
We draw a number of conclusions about variants of the principles, laws of large numbers and asymp-
totic independence. Let us remark that all our large deviations results maybe obtained for random
processes (Markovian or not) on any connected graph with finite or enumerable vertices.

A first application of our large deviation results is given in Subsection 2.2, where we use the Feynman-
Kac formula to represent the trace of any trace class operator restricted to the symmetric subspace
of the N-th tensor product of n X n complex matrix algebras as an expectation with a measure for IV
Markov processes on the index set {1,...m}. The trace class operator here is given by the Boltzmann
factor e P" for any self-adjoint matrix h representing in quantum mechanics the Hamilton operator for
a system of N quantum spins (lattice systems) for the inverse temperature 3, i.e. the time horizon of
our random processes is given by the inverse temperature. In particular we derive the thermodynamic
limit of the free energy, which is the trace of the Boltzmann factor, for a general class of mean-field
interactions and thus we get a non-commutative version of Varadhan’s Lemma with Bose-Einstein
statistics, i.e. where the trace is restricted to the symmetric subspace. Here, an analysis of the
variational formula for the rate function is achieved with L? techniques for the mean paths, which are
embedding in the corresponding L? space. Non-commutative Varadhan’s Lemmas have been studied
in [CLR88|] and [PRV89]. In [Dor96] a non-commutative central limit theorem under Bose-Einstein
statistics has been proved for the case n = 2. Hence our results complement and extend these results.

If we consider N simple random walks on Z% conditioned to stay within a finite set A and replace
the initial probability distribution m by the counting measure in A we are able to show that the
corresponding rate function for the large deviations principle for the mean of occupation local times of
the N random walks under the symmetrised measure uﬁi{? (2.35) is given by the well-known Donsker-
Varadhan rate function. The latter governs the large deviations principle for the occupation local time
of a single random walk but for the limit 3 — oco. This remarkable result has an interpretation for the
cycle-structure given by our symmetrisation procedure, i.e. the appearance of cycles whose lengths
grow like some potential of N. This long cycles are considered to be an order parameter for the
occurrence of the Bose-Finstein condensation (BEC), a quantum phase transition solely driven by the
symmetrisation procedure ([BCMPO05],[DMPO05]). Details of this interpretation are given at the end

of Subsection 2.3.
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We consider this as a first step towards a rigorous understanding of large Boson systems at positive
temperature 3, because the time horizon (3 represents the inverse temperature for the Feynman-
Kac formulae. Future work will be devoted to the mutually interacting case. Interacting Brownian
motions in trap potentials so far have been analysed without symmetrisation, in particular, systems
for vanishing temperature in [ABKO06a] and large systems of interacting motions for fixed positive
temperature in [ABKO6b]. In [AK06] some results for Brownian motions under the symmetrised
distribution are obtained, which are not so general and which cannot be applied to mean field models.

Let us make some remarks on related literature. We found a most interesting old work [Sch31]
by Schrodinger, which is related to the pair probability method we applied in our large deviations
principle. In [Sch31] Schrodinger raised the question of the most probable behaviour of a large system
of diffusion particles in thermal equilibrium. Follmer [F688] gave a mathematical formulation of these
ideas in terms of large deviations. He applied Sanov’s theorem to obtain a large deviations principle
for Ly when B, B® .. are i.i.d. Brownian motions with initial distribution m and no condition
at time 3. The rate function is the relative entropy with respect to fRd m(dz)P, o B~!, where the
motions start in  under P,. Then Schrodinger’s question amounts to identifying the minimiser of
that rate function under given fixed independent initial and terminal distributions. It turns out that
the unique minimiser is of the form [pq [pa dzdy f(z)g(y) ng o B71, i.e. a Brownian bridge with
independent initial and terminal distributions. The probability densities f and g are characterised
by a pair of dual variational equations, originally appearing in [Sch31] for the special case that both
given initial and terminal measures are the Lebesgue measure.

An important work combining combinatorics and large deviations for symmetrised measures is
[T6th90]. Téth [T6th90] considers N continuous-time simple random walks on a complete graph with
pN vertices, where p € (0,1) is fixed. He looks at the symmetrised distribution as in (1.1) and adds
an exclusion constraint: there is no collision of any two particles during the time interval [0, 5]. The
combinatorial structure of this model enabled him to express the free energy in terms of a cleverly
chosen Markov process on Ny. Using Freidlin-Wentzell theory, he derives an explicit formula for
the large-IN asymptotic of the free energy; in particular he obtains a phase-transition, called Bose-
FEinstein-condensation, for large § and sufficiently large p. To6th’s work inspired partly our approach
and future work will be contributed to question of application of our main results to this setting and
the large deviations for appearance of long cycles. Large deviations for integer partitions and cycle
structures, where the random walk bridges with different time horizon are weighted, are obtained in
[A06].

The structure of the paper is as follows. In Section 2 we present all our results. In Subsection 2.1
we describe our main large deviation results and a couple of conclusions. The application to general
quantum spin models and to a non-commutative version of Varadhan’s Lemma is given in Subsec-
tion 2.2. In Subsection 2.3 we study the special case for simple random walks on a finite set and
in Subsection 2.4 we provide some basic facts about the space Dg and large deviations theory. The
Section 3 is devoted to the proofs of our main results. In the appendix in Section 4 we prove a lemma
on pair probability measures and an entropy estimation which we use in our proofs.

2. THE RESULTS

In this section we are going to formulate our main results. In Subsection 2.1 we present the large
deviations results and important conclusions. Following in Subsection 2.2 we apply this to a non-
commutative version of Varadhan’s Lemma and give an application of our large deviations result for
quantum spin models and in Subsection 2.3 we study the very important case when for finite time the
large time rate function, the Donsker- Varadhan rate function, is the rate function for the large N-limit
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under the symmetrised distribution. At the end in Subsection 2.4 we provide some preliminaries about
the topology in Dg and some notion on large deviations theory.

2.1 Large deviations for symmetrised distributions We fix throughout the paper 5 > 0. We
equip the space Dg with the Skorokhod metric. Our main aim is to encode the combinatorics for the
sum over permutations for the symmetrised measure (1.1) with a sum over pair probability measures
with equal marginals. In order to formulate the large deviations results we introduce the following
notations. By PB(Z? x Z%) be denote the set of pair probability measures on Z? x Z? and we let

P2 x 24) = {Q € P(z¢ x 2%): QW = Q®}

be the set of pair probability measures on Z? x Z¢ with equal first and second marginal, respectively

QW(z) = > 74 Q,y),x € Z¢%, and Q@ (y) = Y. ,cpa Q(z,y),y € Z% The relative entropy of the
pair probability measure Q € P(Z¢ x Z?) with respect to the product Q) ® m is given by

Q(z,y)

HQIQV@m) = >, Q@y)log grrs s

z,ycZ4

(2.1)

Note that Q — H(Q|Q™ ®m) is strictly convex. All the rate functions of our large deviations principles
include this relative entropy of pair probability measures as the part coming from the combinatorics
of the symmetrised measure }P’;fyg) The other part of the rate functions comes into play in each of
the principles from large deviations principles for a product of not necessarily identical distributed
objects. Thus the encoding of the sum over permutations with a sum over pair probability measures
represents a certain two-level large deviations principle. This is seen in the definition (1.1) of the
symmetrised measure P(Sym), where permutations are sampled uniformly and for each permutation
there is a product of not necessarily identical distributions of single random walks with initial and

terminal condition.

On the level of path measures we define the following functional on the space of probability measures
on the set Dg of path as

1§ () = _inf {H(Q|Q<1> ©m) + 1§ (u)} for 1 € P(Dy), (2.2)
QEP(24x2LY)
where the functional 1 g’?) is given by

1P = s {(Fn) = Y Qy)ogEl, (M)} for pe (D), (23)

FECb(DB) x,yEZd

where we write ¢ for £V and (F,d) = | Dy w)oe(dw) = F(§). Clearly, Ig‘g) is a Legendre-Fenchel
transform, but not one of a logarithmic moment generating function of a random variable, hence
there seems to be no way to represent this functional as the relative entropy of u with respect to any
measure. | gg) and [ gym are nonnegative, and I gg) is convex as a supremum of linear functions.

Let ms: Dg — R? be the projection ms(w) = ws for any s € [0,4] and w € Dg. We denote
the marginal measure of u € P(Ds) on Z¢ by pus = pom, ! € P(Z%), and analogously we write
po.g = p o (mo,m5) "t € P(Z¢ x Z%) for the joint distribution of the initial and the terminal point of
a random process with distribution p. If we restrict the supremum in (2.3) over all F' € Cy(Djg) to
all functions of the form w — g(wp,wg) with g € Cp(R? x RY), we see that Q = g g if Ig"?)(,u) < 00.
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Indeed,
sup { Z g(x,y) (uo,g(x,y) — Q(x,y))}
g€CH(RIXRY) —
= sup { Z 9(x, y)pop(w,y) — E Q(z,y)logE, (eg(&),&ﬂ))}
9EC (REXRY 4 yezd z,y€Zd
< Ig’?)(u) < 00,

which implies that o g = Q. Therefore the infimum in (2.2) is uniquely attained at this pair probability
measure @, i.e.

H(po glpo @ m) +  sup  (u, F' —log Dl y (eF©) if o = g,
L™ (n) = Fecb<Da>< oma(e5)) (2.4)

+o0o otherwise.

In particular, Igym) is convex.

Theorem 2.1 (LDP for the mean of path measures Ly). Under the symmetrised measure }P’(gym)

the empirical path measures (Ly)n>1 satisfy a large deviations principle on B(Dg) with speed N and
rate function I (eym)

The proof of Theorem 2.1 is in Section 3.1. The proof does not rely on any Markov property of the
N random processes, hence this assumption can be dropped.

We also have a large deviations principle for the mean path level. Note that any mean path is an
element in the space Dg([0, ﬁ];Rd) due to the averaging of paths with values in the lattice Z¢. For
the path level we consider the continuous embedding of the space D([0, 3];RY) into L?([0, 5]; R?) (see
[Dor96, Lemma 2.3] for details). The scalar product for the latter space is defined by

15}
(ow) = /0 As(E(s), w(5))ga (2.5)

for £,w: [0, 8] — R?, where (-, )ga is the scalar product on R In the following we also write &, for
£(s). We define the following functional on L2([0, 3];RY) as

Ipow) = _inf  {HQIQVem) +IP W)} forwe LX([0,8;RY, (2:6)
QEP(Z4x24)

where

fg‘g)(w) = sup {(f,w) — Z Q(z,y)log Ef,y <e<w’£>)} for w € LQ([Ovﬁ];Rd)- (2.7)

fELZ([Ovﬂ]de) I,yGZd

Then the large deviations principle for the mean path reads as

Theorem 2.2 (LDP for the mean of paths Yy). Under the symmetrised measure Pg;y? the mean

(Yn)n>1 of the paths satisfies a large deviations principle on L2([0, 8];RY) with speed N and rate
function fgym).

The proof of Theorem 2.2 is in Subsection 3.2. The contraction principle [DZ98, Th. 4.2.1] yields a
large deviations principle for the mean path from the one for the mean of path measures. However,
the identification of that rate function from the contraction principle with the one in Theorem 2.2
seems to be rather difficult task from a technical point of view. Luckily, our proof of Theorem 2.1 is
so general that it can be slightly modified to give the proof for the large deviations principle for the
mean path. For details see Subsection 3.2.
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Denote by B(Z?) all bounded function f: Z? — R. On the level of probability measures on Z¢ we
define the functional J ésym) on the set P(Z4) of probability measures on Z¢ as

Je(p) = in {H(QyQ“) ®m) + JéQ)(p)} for p € P(Z%), (2.8)
QEP(ZIx22)

where

T = s {83 f@p) - Y Qy)logEL, (24)) ], (2:9)

d
feBzd) > eza z,yeZd

Theorem 2.3 (LDP for the mean of normalised occupation local times Zy). Under the
symmetrised measure Pﬁyg) the mean (Zn)n>1 of the normalised occupation measures satisfy a large

deviations principle on ‘B(Zd) with speed N and rate function ngm).

The proof of Theorem 2.3 is in Subsection 3.3. Here, the same remarks as for the proof of Theo-
rem 2.2 concerning the contraction principle apply. For details see Subsection 3.3.

In the following remark we compare the symmetrised distribution with the i.i.d. case.

Remark 2.4. Fori.i.d. random walks with initial distribution m, the empirical path measure (L )n>1
satisfies a large deviations principle with speed N and rate function

Iom() = swp {(Fu) ~10g Y m(@)EL, (")},

FGCb(Dﬂ) z,yGZd

This is an application of Cramer’s theorem [DZ98, Th. 6.1.3] for the mean of the independent identically
distributed random walks with initial distribution m. Note that Ig’?) > Igm for the pair measure Q

defined as Q(x,y) = m(x)d,(y) for x,y € Z2, since
- Z (2, y) log]Eﬁ (e g) — log Z go,gﬂ( F(O))

JYEZA ,yEeZd
nye nue (2.10)
—log 3 m(z)EL,(F©),
x,yczd
In particular Igym) > Ig. O

Our large deviations Theorems 2.1-2.3 may be extended by considering a finite and positive measure
m not necessarily normalised to one. However, more interesting is the question if we replace the
conditional probability measure }P’gy by the measure ug7y(') = P? (-1{&p = y}) for any x,y € Z%. This
is included in the following proposition.

Proposition 2.5. Let m be a positive finite measure on Z% and let g: R xR? — R, be a bounded and
continuous strictly positive function. Replace }P’gy by g(w,y)ng in the definition of the symmetrised
measure Pffyg) in (1.1). Then

(i) Theorem 2.1 remains true with the rate function replaced by

po I9™ () = Y pop(,y) log g(x, y).
z,y€Z4

(ii) Theorem 2.2 remains true with the rate function replaced by

wis  inf {H(Q|Q<1>®m)+fg”(w)— > Q(x,y)logg(w,y)}-

M(7d % 7d
QEP(Z4x72) —
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(iii) Theorem 2.3 remains true with the rate function replaced by

p _int  {HQIQV@m) + PP~ Y Qla.y)logglw.y)}.

M(7d % 7d
QEP(2Ix27) -

Proof. We will prove (i). Define the function F,(w) = log g(wo,ws) for any path w € Dg([0, 8]; Z4).
Then with probability one with respect to ®fi1 }P’gi,%(i),

N N
Hg(wi,xg(i)) = exp (Zlogg( 8”@2?)) = exp (N(LN7 Fg>).
i=1 i=1

Clearly, w — Fjy(w) is continuous and bounded. Hence the large deviations principle follows from
[dHO00, Th. I11.17] for any Q € PB(Z% x Z4). The rate function follows as y — Igym) () — (u, Fy) which
together with (2.4) gives the proof. The proof of (i) and (iii) follows analogously with (i) and the
proofs of Theorem 2.2 and Theorem 2.3 respectively. Note for (ii) that

W inf Jym) N 1o
HEP(Dg): \I’(u)—w{ B (k) <M0ﬁ gg>}
= _inf {fgym)(w) - Z Q(z,y) logg(x,y)} for w € L2([0, B); Z0).
QG‘B(ZdXZd) z,yGZd

where ¥: PB(Dg) — D([0, 8] R?) is the continuous mapping for the contraction principle, compare the
proof of Theorem 2.2 in Section 3.2. Note that we used the fact that Q = g if Ig’?) () < o0. O

From the previous proposition we get.

Proposition 2.6. Let m be a positive finite measure on Z¢ and let g: R? x R? — R, be a bounded
and continuous strictly positive function.

(i)
dm e (g % [[ree H ol zo())
0€6N z;€Z21<i<N =1 (2.11)
_ : €Y _
o {H@QV @ m) x’ngu,y)logg(m,y)}.

(ii) The unique minimiser of the rate function p Igym) (1) =>4 yezd Ho,p(z,y) log g(x,y) is given
by
> QUa,y)Py 08 (2.12)
z,y€Z4
where Q0 € P(Z? x Z%) is the unique minimiser on the right hand side of (2.11). Under the

symmetrised measure IP’( y ™) the sequence (Ln)Nen converges in distribution to the measure p°
as N — 0.

Proof. (i) Proposition 2.5 gives that the left hand side of (2.11) equals —inf,cqpp,) Igsm)(u) —
(1o,3,1og g). If we use (2.4) and substitute Q = 9 g we get

~ i ){H(QIQ“’@m)— Y Q) log gz, y)

V(74 x7d
QEP(ZIXZL —

+ inf ClogES (PO
uem(D;I)l: Q=po,8 Feils(ng){< 08 Emo, 6( )}}
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The latter infimum over p is equal to zero. To see this, pick F' = 0 to get the lower bound. To get the
corresponding upper bound take y = Ztc,yEZd Q(x, y)IP’gyy o ¢~ and use Jensen’s inequality to get

—<u,logE£07m (eF(E))> < - Z Q(xvy)Eg,y(F)'
x,yEZ4

We are going to prove that u® is the unique minimiser of the rate function u +— Igym)(u) —
> zyezd Ho,5(z,y) log g(x,y). This proves then both (ii) and (iii). For that, let p € P(Dg) be a

zero of [ gy’"). As the relative entropy has compact level sets, there is a QV € %(Zd x Z4) that

minimises the formula on the right hand side of (2.11). As Ig‘go)(u) < 00, we have pgg = Q¥ and
hence

0
0=1IF"(u)= sup {<M7F—logEfo,wﬂ(eF@))}-
FGCb(D@)

Clearly, F' = 0 is optimal and the Euler-Lagrange equations yield, for any g € Cy,(Dg),
(1, 9) = (B - (h(€))),

which identifies p as p°. O

2.2 Non-commutative Varadhan’s Lemma with Bose-Einstein Statistics In this section
we use our large deviations principle for the mean paths under the symmetrised distribution }P’f,y,g)
to derive a non-commutative version of Varadhan’s Lemma with Bose-Einstein statistics. Let h be
a self-adjoint n x n matrix with h,, < 0 for all z # y,z,y € G = {1,...,n}. We define a Markov

process on the finite index set G with transition probabilities

_ o —hy 0t , if y#x
B+ =ylet) =) = { |, o T G h T (213
analogously
pios(ry) = B(E() = yle(s) = o) = () foraye,
where the matrix h is defined by iNLy@ = hy, for y # x and 77,3333 =—> . h; .. For later convenience

we let A\: [-n,n] — R a continuous function such that A\(z) = A, for € G, and we denote by hp a
continuous function hp(z) = hy y — hy . for each z € G.

We let N Markov processes £, ... &%) with transition probabilities (2.13) and time horizon [0, 3]

be given. Let ng; denote the conditional probability measure with density elo hp(w(s)ds

starting in
x € G conditioned to terminate in y € G. We write ]Eﬁ{} for the expectation with respect to the bridge
probability measure ngg .

We derive a large deviations principle for the mean path Yy under the symmetrised distribution
(compare (1.1))

‘ 1 N
Pgif}:;h) = ﬁ Z Z Z ®m(xi)ngxa<i)’

ceSy x1€G rNEG i=1
where the initial distribution m is defined by m(z) = L for z € G.
We consider mean-field type interactions for the N Markov processes €1, ... &) of the form

N foﬂ f (% Zf\il £9)ds for some bounded continuous function f: R — R. In the following we write
]Eﬁf,ym’h) for the expectation with respect to the symmetrised distribution.

Theorem 2.7. Fix 3 >0 andn € N. Let h be a selfadjoint n x n-matrix with hy,y <0 for x # y for
all x, g € G.
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(a) The mean paths, Yy, under the symmetrised distribution satisfy, as N — 0o, a large

deviations principle on L*([0, 8]; R) with rate function Igym’h) defined by

(sym,h)
PN

1™ (w) = inf {H(Q!Q“) ©m) + 13" (w)}, (2.14)
QEP(GXEG)
for w € L2([0, B];R), where
Ig’?’h) (w)= sup { Z Q(x,y)log ]Eﬂh<ef0 S)ds)}
g€L?([0,8];R) 2yeG
(b)

1 (sym,h) N ﬂf(L Z]\L g_gl))ds _ (sym,h)

]\}Enoo N log]E Y ( fO N =1 ) = weLQSllOp/B f I/By ((,d)} (215)

Proof. (a) is a direct application of our main Theorem 2.2, and (b) is an application of Varadhan’s
Lemma [DZ98, Th. 4.3.1]. O

We outline how this large deviations principle gives a non-commutative version of Varadhan’s Lemma
under Bose-Einstein statistics. Let p be the state on the algebra M of all complex n X n matrices
given by p(A) = Tr (e " A) for A € M for the given matrix h, and let Tre " = 1. We fix a self-
adjoint element x € M and some continuous bounded function f: R — R. This self-adjoint element
x describes a mean-field interaction expressed through the mean matrix

1 N
@™ = Nz_:x“

where z;,i = 1,..., N, is a copy of the matrix . Further, let h™) = L ZN h;, where h;,i =1,..., N,
is a copy of the matrix h. Hence h™ and ™ both act on the N-th tensor product of the n- dlmensmnal
single variable space. The symbol Tr | denotes the trace restricted to the subspace of all symmetric
N-variables with respect to any permutation of their single indices. The restriction to these symmetric
variables is called Bose-Finstein statistics.

We shall calculate the trace via the Feynman-Kac formula and our previous results in Theorem 2.7.
For this we need the following path measure

Uy = B (eld Pl = g, (2.16)
which is the probability for the Markov process to start in x € G and to termlnate in y € G. Note
that this measure can be normalised with the function gg(z,y) = Pﬂh(efﬁ ho)ds1{es = y}) to
obtain the conditional probability measure IP’%y. Here we apply our Proposition 2.5 in combination

with Theorem 2.7. Note that this results in substituting the symmetrised distribution Pﬁf,yrﬂ“’h) with
the symmetrised measure

;fymh) N' Z Z Z ®“%%<i>' (2.17)

ceBy x1EA zny€EAN i=1

The Feynman—Kac formula gives

()
lim NlogTr (e (h<N)_f(m(N)))) = lim Nlog,u(gyg " (e NP HE I & )ds)

N—oo N—oo

(2.18)
= sup / flw(s))ds — Ig"™" (w) + <Q»95>}a

weL2([0,8];R)

where we replaced m in Theorem 2.7 by the counting measure Cou, and where (Q, gg) denotes the
expectation of gg with respect to the pair probability measure ().
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The analysis of the variational formula of the right hand side of (2.18) gives the following theorem.

Theorem 2.8 (Mean-field interaction with Bose-Einstein statistics).

.1 NN — f(2(N) g sym
]\}lm N]ogTr.;.(e N(RED = f (= ))) = sup {/ f(w(s))ds — Iéy ’h)(w) + <Q;gﬁ>}
—00 weL2([0,5LR) ~ J0 (2.19)
—Bsup il {f(w) ~ 177 (w) - HQIQW & Cou)},
uER QeP(GXG)
where
IéQ,h) (u) = sup {au _ Z Q(z,y)log ]Eg’h (eaf(f7 &(S)dsll{fﬂ = y})} forueR. (2.20)

a€R z,yeG

Trace formulas like (2.18) and (2.19) go back to the work of Cegla, Lewis and Raggio [CLR88] in
which the authors use a combination of large deviations theory and group representation to derive a
variational formula for the free energy of mean-field quantum spin systems. Inspired by their work,
Petz, Raggio and Verbeure [PRV89] derived a non-commutative version of Varadhan’s theorem using
C*-algebraic methods. We thus have in our Theorem 2.7 and Theorem 2.8 derived a non-commutative
version of Varadhan’s Lemma and hence a variational formula for the free energy of mean-field quantum
spin systems under symmetrised distributions, i.e. a version with Bose-Einstein statistics.

Proof of Theorem 2.8. The proof follows from Theorem 2.7 and (2.19) and the analysis of the
variational problems, which is done in the following Lemma 2.9 and Proposition 2.10. O

Lemma 2.9. Let QQ € ‘f&‘(G x G). If w € L?([0, B];R) is a constant function then the supremum in

sup  {(g.w) = Y Q) log BYH (el 90y — y) |

geL2([0,0];R) z,yeG

1s attained at a constant function g.

Proof. Fix any Q € &]~3(G x @). Clearly
g Y Q(z,y)logEL" (efoﬁg(s)g(s)dsﬂ{ﬁﬁ —y})

z,yeG

is as a convex combination of logarithmic moment generating functions convex and continuous. We
introduce the Haar basis {h;};>0 for L([0, 8]; R) consisting of the functions h; defined by ho(s) = 1
for s € [0, 3] and if 2™ < < 2mFl 1
2m/2 | if B(i27™ — 1) < s < B((i + 5)27™ — 1);
hi(s) =< =272 | if B((i+ )27 — 1) < s < B((i + 1)27™ — 1);
0, otherwise

Now for every € > 0 there is a m € N and a function ¢ in the space H,, spanned by the basis functions
ho,ha, ... hgm_y such that I" (w) < (g,w) = 3, ,eq @(x,) log B2 (eld 90)6@ds (g, = y}) 4 2. If
w(s) = u for all s € [0,0] we get the Euler-Lagrange equations for the finite dimensional variational
problem as

E7 ((ho, €)' 1{&5 = y})
- Q 5

) E2 ((hi, £)e99 1{¢5 = y})
0= m%ﬁ Q@.y) =45 (9 1{¢s = y})

(2.21)
for 1 <i<2™—1.
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We observe that

Eg( . e<97§>]1{§ﬂ _ y})
:c,%jzd Qz,y E? (e(%@]]{fﬁ _ y})

is symmetric if the function ¢ is constant. This is easily seen by

Eg( elo ¢y = y}) Eg( el901{¢s = v}
Z @) Ef (ef9:€)) = wzejzd E (99 1{¢5 = y})

and a complementary lower bound with ming yep Q(z,y) > 0 (indices  and y with Q(z,y) = 0 do
not contribute at all). Hence, the equations in (2.21) for 1 < i < 2™ — 1 are trivially solved for any
constant function g. The constant is determined through the first equation of (2.21). ([

z,y€Z4

Proposition 2.10. The supremum in the variational formula (2.15) with the mean-field energy f is
attained at a constant function w(s) =u € R for all s € [0, 3.

Proof. We split the proof into two steps. In the second step we will show that

B8
Igym,h)(w) Z/ Igym’h)(@s)dS, (2.22)
0

where Ws(t) = w(s),t € [0, f], is the constant function with value w(s).
Step 1 From (2.22) we get

B

> B inf { = f(u)+ I;;ymm (@)},

and hence
sup / f (sym h)( )} < ﬁsup {f (sym h) (u)} (224)
weL?([0,8;R
Step 2 We now prove (2.22). We only need to show that
B
1§ (w) > /0 15 (@s)ds (2.25)
for any Q € ‘,f?(FQ). We fix Q € ‘,]~3(F2) For any u € R we get from Lemma 2.9 that
Ig‘g)( u) = 5161]12 {au - Z Q(x,y) log]Eﬁh< afy'¢ S)dsll{gg = y})} (2.26)
a z,yeG

The function >, o Q(,y)log DA (e IS EE)dsqfey = y}) is clearly convex and infinitely differen-
tiable with increasing first derivative. From this we conclude that there exists, for any € > 0, a
function g € L*°([0, ﬁ]; R) such that

I(Q)( ¢) < g(t)w(t) — Z Q(x,y) log BN (egt ffﬁ(s)dsn{gg = y}) +e foraetel0,[]. (2.27)
z,yeG
As g € L*([0, 8];[0,m]) we get the lower bound
IPW) = (gw) — > Qla,y)log Eﬂh(efo Ss e, = y}) (2.28)
z,yeG

Therefore we are finished with our proof if we show that

B _
L R ) = /Eﬁ’h(egfff €190 fgy = y} ) dt. (2.29)
0
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By continuity, we may assume that g € H,, for some m &€ N. Then g can be written as g =
Zi:1<hk,g)]l{[ﬁ(k —1)27™, 5k27™]}. Hence, we need to show that

]Eg’h( J§ 9@ s e — y}) <gm i:IEB h( (hiog) J§ €()sq gy — y}) (2.30)

But (2.30) is an application of the Holder inequality for random walk expectations. Hence, (2.29)
follows. Now, (2.29) implies, together with (2.27) and (2.28), the inequality (2.25), and finishes the
proof. [l

Example 2.11 (Quantum-Spin-1/2 variables and Telegraph process). We shall apply our
results for the mean field free energy in Theorem 2.19 to the quantum spin 1/2 model introduced in
[Dor96]. In [Dor96] the non-commutative central limit theorem for the following model was studied.
We show in this example the extension to the non-commutative Varadhan Lemma to obtain the
mean mean-field free energy. In the setting of Theorem 2.7 and Theorem 2.19 we consider the set
G = {—1,+1} of possible spin values and the following process on G with transition probabilities

B o ist, if y#=z
P(g(t+5t)—y|£(t)—x)—{ _g(st, if y=x

i

equivalently
1
pt(xvy) = 5(1+xye_t) ,x,yEG.

From Theorem 2.7 and Proposition 2.10 we get for this process and any continuous bounded function
f:[-1,1] — R the result

lim i log ,u(gyg t)( IR (3C ))) sup / flw Igym’t)(w)}
=sup? f(u —I(gymt)u ,
ueR{f 5 (u)}
where
159w = inf {H(QIQW ® Cou) +sup {ua — 3" Qu,y)log BY (eI € 1fey = y}) } .
QEP(G?) a€R e
(2.32)

To analyse (2.32) we have to calculate the expectations E? (e‘z I3 5<S>d811{§5 = y}) for any x,y € G.
This can be done by simple matrix calculations as follows.

B (ea J§ €@as g — y}) = (ylePloo=m3(1=02)) ) (2.33)

(10 e (01
2=\ -1 ) ™% =1 0

are the two-dimensional Pauli matrices. The eigenvalues of the matrix (ac, — 3(1 — 0,)) are Ayq =

where

—% + */% + a?. In principle, direct calculations of all the expectations in (2.33) lead to an evaluation
of (2.32). The resulting mean mean-field free energy is therefore given by
1 i 1
lim log u(syg ”( N Xil S ))) Bsup{ f(u) — ( —v1- u2)}, (2.34)
Nooo N ueR

compare [Dor06]. As an alternative to the tedious calculations we immediately get a lower bound via
the following considerations. Let a € R and let u, denote the eigenvector for the eigenvalue A; of the
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matrix (ao, — 3(1 — 0)). Then
M@ — afo (s)ds o=\ Ua(fﬁ)
g uq (o)

defines a martingale for the telegraph process. We insert M g‘) in the expectation on the right hand
side of (2.32) and obtain

sup {Blaw — M) = 37 Q) logE (Mg = y)) .
a z,y€G

As E, (M éa)]l{gﬁ = y}) is a probability measure for all x € G due to the martingale property we can
combine the logarithm term with the one from the entropy to get

IV (u) = inf (au — \y) Q(z,y)1 Q.y .
’ QET(E?) { m%e:(; “’IE:C(ME’)]l{fﬁ =y}) }

Hence, as the relative entropy of probability measures is positive, we get as a lower the Legendre-
Fenchel transform of A1, which is given by %(1 —V1—u?).

2.3 A special case for the rate function In this subsection we study motivated by the results for
the quantum spin models in the previous section a very important special case for the rate function for
the mean of the normalised occupation local times when our N random processes are simple random
walks on Z% whose generator is given by the discrete Laplacian. We let A C Z? be a finite box and we
put m equal the counting measure Coup on A. Instead of the symmetrised probability measure }P’“ym)
in (1.1) we consider the symmetrised measure

XYJI\I}) o Nl Z Z Z ®M$z@a() (2.35)

ceBy T1EA zny€EAN i=1

Proposition 2.5(iii) gives a large deviations principle for the mean of the normalised occupation local

times under the measure uxy]'\’}), i.e. we have

1 (Sym) -1\ _ : (sym)
]\}EHOONIOg( N °Zy) __pegl({%d)t]ﬁ’/\ (p),
where
Jonp) = _inf {H(Q|QM @ Cowa) + JGX (p)}, p € B(ZY), (2.36)
QeEP(Z4xZ?)
with
J@ () — log B (&8 F&)ds e, — 2.37
@71\(]7) sup B Z [l Z Q(z,y)logE; (e {fﬁ y} . (2.37)
feB(z4) reZd x,y€Zd

Our goal is to identify the rate function in much easier and more familiar terms. It turns out that
this rate function is the Donsker-Varadhan rate function I, defined as

IA(p):{ zyeA (\/ —\/p ) , if supp(p) C A

, (2.38)
400 , otherwise

where |7 — y| = maxj<;<q | — yi|, 7,y € Z% is the lattice distance. This is the rate function for the
large deviations principle for the normalised occupation local time lg as 3 — oo. More precisely, denote
by (0,5 the path of the random walk and define the sub probability measure PY =P, (-|supp (Ig) C
A) =Py (-[§j0,9 € A). The the normalised occupation local time satisfies as 3 — oo a large deviations
principle on PB(A) with speed [ and rate function Iy —Cy [DV75-83], where Cy is just the normalisation

infpepza) 3 ' s (\/ —\/p ) for the rate function.
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The surprising result is that the rate function J;i\m) for finite § but for large N under the sym-
metrised measure equals the Donsker-Varadhan rate function.

Theorem 2.12. Let A C Z% be a finite set. Then Jé‘ii\m)(p) = BIr(p) for any p € P(Z9) with
supp (p) = A.

For the proof of the theorem we need the following lemma.

Lemma 2.13. Fiz € (0,00) and a finite set A C Z%. Then, for all p € B(Z?) having support in A,

JEvm) (Y — inf H N X6 + J9 , 2.39
e =t {HQIY s Cou) + IR0} (2.39)
where
TR @) = fsuﬂg{ﬁ > f@p@) = Y Qa,y)log Eu(eld M€ 1{g0 5 € AVI{E = v}) }.
€ zEA T,yeN

Proof. Note that H(Q|Q™ ® Couy) = oo if the support of @ is not contained in A x A. Hence, in
(2.36) we need to take the infimum over pair probability measures @ only on the set &]~3(A x A). From
an inspection of the right hand side of (2.37) it follows that the function (vector) f in the supremum
can be taken arbitrarily negative outside A to approximate the supremum. Hence, we may add in the
expectation the indicator on the event that the random walk does not leave A by time 5. But then

the values of f outside A do not contribute. This shows that we need to consider only functions f
that are defined on A; in other words, (2.39) holds. O

Proof of Theorem 2.12. We proceed in two steps. First we show that ng\m) (p) > BIx(p) for

any p € P(Z4) with support in A. In a second step we show the complementary inequality for any
p € P(Z?) with supp (p) = A. We start from (2.39).

Denote by A the restriction of the discrete Laplacian to the set A with zero boundary conditions,
i.e. for any f € RA,

Anf@)= Y [f(@) = @), z€A, feR supp(f) CA. (2.40)

z,yEA:
lz—y[=1

For f € I2(A) = R let uy be the unique positive eigenfunction for the operator Ay + f for the
eigenvalue \(f) given by

) 1
M= s (Aa+Peg=—  inf {5 Y (9@) -9 - (.97
g€l (A): llgll2=1 uppie) o]l =1 rvends
z—y|=
(2.41)

To check the positivity and uniqueness of the eigenfunction consider the operator Aj + ¢l + f, which
is non-negative and irreducible for some ¢ > 0. The theorem of Perron-Frobenius (see [Se81]) gives
that Ax + ¢l + f has a unique simple eigenvalue and that the corresponding eigenfunction is positive
in A and unique up to constants. Clearly, Ay 4+ cll + f and Ap + f have the same eigenfunction, and
the corresponding eigenvalues differ by the constant c¢. Hence, A(f) is simple and the eigenfunction
uy is unique and positive.

We now introduce a martingale which permits a transformation of the random walk in the expec-
tation of the variational formula in (2.39). The expression

MY = oJo FE)dsg=BAn(f) c a2 (s) 2.42
§ {0, }Uf(§o) (242)
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defines a martingale (M éf ")g>0 under P, for any = € A with respect to the canonical filtration (see
the Markov process variant of [RY99, Prop. VIIL.3.1] or [KalO1l] for martingale theory for Markov
processes).

We insert now M éf ) on the right hand side of (2.39), obtain an extra 3Ax(f) and use the marginal

property of the pair probability measure @), which gives Zx,y Q(x,y)log Z; Egg = (. Thus we see that

TS w) = sup {B((£.0) = M () = Y Qla,y)log Ea (M 15 = }) },
fERA T,yeN
where (f,p) = > . c f(z)p(z) is the scalar product in A. Here E; denotes expectation for the simple
random walk with generator A starting at x. Note that by the martingale property of (M éf )) g>0 the

measure E, (M éf '"1{¢s = -}) is a probability measure on A for any = € A. Substituting this in (2.39)
and recalling the definition of the relative entropy of the pair measures, we obtain that

- | Q(z,y)
J( ym) — f ,D)— A y) 1
IR0 gl SR =+ 3 Q% G i =)

}. (2.43)

The double sum in (2.43) is, because E, (M éf '1{&s = -}) is a probability measure, an entropy between
probability measures and therefore nonnegative.

Therefore we get that
I m) = 8 swp { (£,0) = ()} (2.44)
JERA
Note that the map f +— Ap(f) is the Legendre-Fenchel transform of Iy, as is seen from the Rayleigh-
Ritz principle in (2.41). According to the Duality Lemma [DZ98, Lemma 4.5.8], the r.h.s. of (2.44) is
therefore equal to 31 (p) since it is equal to the Legendre-Fenchel transform of Ay. Hence, we have
shown that J¥™ (p) > BIx(p) for any p € P(Z?) with support in A.

In our second step we prove the complementary inequality. For that we construct a pair probability
measure to get an upper for (2.43). The resulting upper bound is given by the supremum over any
function f € RY. Thus we are left to solve this variational problem for the upper bound. Let’s turn
to the details.

For p € P(Z?) with supp (p) = A define the function u € R® by u(z) = 1/p(x) and the function
f* € R by

Apu(x)
@) =—

u(x)

Then u = uy~ is the unique positive eigenfunction for the operator Ay + f* with eigenvalue Ay (f*) = 0.
Given these objects we define the function @*: A x A — [0, 1] by

Q*(z,y) = u(z)u(y)Ey (efoﬁ JH&) 1 g0, 5 € AJI{Es = y}), 2,y € Al (2.45)

for x € A.

This function is obviously symmetric and sums up to one. By the martingale property of (M éf *)) 8>0
the first marginal is identified as

QD (x) = ul@)Eq (6 I € Ng g 5 € AYu(n)) = u(@)?, @€ A, (2.46)

Therefore Q* € 2]~3(A x A), which gives the following upper bound for (2.43), when we apply the
marginal property of @Q* and separate the eigenvalue in the definition of M éf ). The marginal property
gives

“()
e Q*V(x)
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Hence

(2.47)

efo 1€ 1{g, 5 € AVI{Ep =y}
J;i\m)( ) < sup{ Z Q" (z,y)log ( S ’ >}
fera it E, (e €00 {g 5 € AVI{Es = y})

We will show that the variational problem on the right hand side of (2.47) is solved for f = f*. Due
to the strict concavity we need to get the solution for the Euler-Lagrange equation, which reads

E, (3 v(€)ds)eld 1€ g 5 < AVI{Es = y})

o) =3 Q) (2.48)

x%e:A E, (efo (&) ds]]{f[oﬁ] C A}]l{gg = y})

for all v € RY. The right hand side of (2.48) for f = f* reads
B
> u(w)u(y)Ex(( /0 v(€s)ds)eld TEN ey o c AYI{E, = y})
pYEh , , (2.49)
_ (£ _ D)
Z% (M /O v(gs)ds) /0 dsEY ) (v(E)),

where EU™) is the expectation with respect to the transform with the martingale (M éf *)) 3>0 (compare
remark following Prop. VIIL3.9 in [RY99]), starting at its invariant measure u?(x) = p(x),z € A.
Therefore E¢™) (v(&)) = (v, p), because the transformed random walk does not leave the set A and is
stationary when started in its invariant measure. Thus f = f* solves the variational problem on the
right hand side of (2.48) and gives finally after short calculations

Jﬁ(;};\m)(p) §ﬁ<f*7 > —,6<M u —_ﬁz AAU ﬁ<2d— Z u(x)u(y))

TEA z,yEA:
. = (2.50)
=03 S (V) = V) = Bla(p)
by
O

We will give a heuristic interpretation in terms of the cycle structure. The measure /’LE\YN) in (2.35)

admits a representation which goes back to Feynman 1953 [Fe53]; in fact he considered Brownian
motions instead of random walks on Z?. Every permutation o € &y can be written as a concatenation
of cycles. Given a cycle (i,0(i),0%(i),...,o"71(i)) with 0¥ (i) = i and precisely k distinct indices, the
contribution coming from this cycle is independent of all the other indices. Furthermore, by the fact
that Mi,%(i) is the conditional distribution given that the random walk ends in x,;, this contribution
(also executing the k integrals over z . @) € Aforl=k—1k—2,...,0) turns the corresponding k
random walk bridges of length 3 into one random walk bridge of length k3, starting and ending in
the same point z; € A and visiting A at the times 3,23, ...,(k — 1)3. Hence,

®fr(o)
<5 m) k:ﬁm/\
PAN = Nl Z ®</dyk“yk,yk> ’

ce6GN keN

where fi(0) denotes the number of cycles in o of length precisely equal to k, and pm’ﬂ ' is the random

walk bridge measure uxg = P,(-1{€3 = y}) , restricted to the event (J_,{&3 € A}. (See [GinTl,
Lemma 2.1] for related combinatorial considerations.) If fy(o) =1 (i.e., if o is a cycle), then we are
considering just one random walk bridge £ of length N3, with uniform initial measure on A, on the
event ﬂ{il{flg € A}. Furthermore, Yy is equal to the normalised occupation measure of this random
walk. For such a o, the limit N — oo turns into a limit for diverging time, and the corresponding
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large-deviation principle of Donsker and Varadhan formally applies. In [A06] large deviation results
are obtained for the cycle representation for integer partitions.

It has been proved by Siit6 [S1i93, Sii02] that the non-vanishing of the probability for long cycles is
equivalent with Bose-Finstein condensation for non-interacting Bosons. [DMPO05] studied the density
of long cycles for mean-field interactions and [BCMPO05] study large deviations for different cycles
statistics in the grandcanonical ensemble.

If a permutation o does not contain a cycle of length ~ N¢, for some a > 0, its contribution is
quantified with a different rate, compare [BCMPO05] and for the canonical ensemble [A06]. In this
(sym)

way, Theorem 2.12 says that the large-N behaviour of p,"y' o Yy !is predominantly determined by
all those permutations consisting of just one cycle of length N.

2.4 Preliminaries

In this subsection we provide some definitions and basic properties. A function ¢: [0, 3] — R? is an
element of Dy if and only for any ty € (0, 3)
li t) = &(L d [ t ist 2.51
lim £(t) = £(to) and T g(t) exists, (2.51)
and, moreover, £(0) = lim;|g and £(8) = limy3£(t). Every function in Dg has at most a countable

number of points where it is not continuous ([Par67]). On Dg one can introduce a metric, the
Skorokhod metric, defined by

p(6.€) = inf { sup |EA®H) €O + sup [A®) ~ ]}, (2.52)
t€[0,4] t€[0,4]

where H is the space of increasing functions A: [0, 5] — [0, 5]. The Skorokhod topology is the topology
induced on Dg by the metric p and turns Dg into a Polish space([Par67],[DS01]). One has the following
characterisation of compact subsets of Dg.

Lemma 2.14 ([Par67]). In order that a subset K C Dg be compact under the Skorokhod topology it
1s necessary and sufficient that K be bounded and closed and satisfy the condition

léifg?g[};wg(é) =0, (2.53)
where we(9) is defined by
@)= sup Ll €m A EW) —€nl} + sup [€(t) - €O)

t—0<t/ <t<t"<t+6 0<t<d (2 54)

+ sup [§(t) —&(B)].

B—0<t<p

For the convenience of our reader, we repeat the notion of a large-deviations principle and of the
most important facts that are used in the present paper. See [DZ98] and [DS01] for a comprehensive
treatment of this theory.

Let X denote a topological vector space. A lower semi-continuous function I: X — [0, o0] is called a
rate function if I is not identical co and has compact level sets, i.e. if I71([0,c]) = {x € X: I(z) < ¢}
is compact for any ¢ > 0. A sequence (Xy)nyeny of X-valued random variables Xy satisfies the
large-deviation upper bound with speed an and rate function [ if, for any closed subset F' of X,

1
limsup — logP(Xy € F) < — inf I(z), (2.55)
N—oo AN zeF
and it satisfies the large-deviation lower bound if, for any open subset G of X,

1
lim inf — log P(X < —inf I(z). 2.
imint . ogP(Xy €G) < mlIGIG (x) (2.56)
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If both, upper and lower bound, are satisfied, one says that (Xy )y satisfies a large-deviation principle.
The principle is called weak if the upper bound in (2.55) holds only for compact sets F. A weak
principle can be strengthened to a full one by showing that the sequence of distributions of Xy is
exponentially tight, i.e. if for any L > 0 there is a compact subset Ky, of X such that P(Xy € Kj) <
e LN for any N € N.

One of the most important conclusions from a large deviation principle is Varadhan’s Lemma, which
says that, for any bounded and continuous function F': X — R,

m NFOXN) qp — _ § _
J\}EnooNlog/e dP = ccuel.gf (I(z) — F(x)).

One standard situation in which a large deviation principle holds is the case where P is a probability
measure, and Xy = %(Yl + -+ 4 Yy) is the mean of N ii.d. X-valued random variables Y; whose
moment generating function

M(F) = /eF<Yl> dP

is finite for all elements F' of the topological dual space X* of X'. In this case, the abstract Cramér the-
orem provides a weak large deviation principle for (Xy)nyen with rate function equal to the Legendre-
Fenchel transform of log M, i.e. I(z) = suppey«(F(z) —log M(F)). An extension to independent,
but not necessarily identically distributed random variables is provided by the abstract Gartner-Ellis
theorem.

For our main theorems Theorem 2.1, Theorem 2.2 and Theorem 2.3 we shall rely on the following
conventions. For the random probability measure in B(Dg) we conceive P(Dg) as a closed convex
subset of M(Dg), the space of finite signed Borel measures on Dg. M(Dg) is a topological Hausdorff
space, whose topology is induced by the set C,(Dg) of continuous bounded functions on Dg. Here
Cv(Dpg) is the topological dual of M(Dg). The set P(Dg) of probability measures on Dy inherits
its topology from M(Dg). When we speak of a large deviations principle of PB(Dg)-valued random
variables, then we mean a principle on M(Dg) with a rate function that is tacitly extended from PB(Dp)
to M(Dg) with the value +00. Thus, in the variational formula (2.3) the Legendre-Fenchel transform
with respect to the set Cp(Dg) appeared. For the mean path we embed the space Dﬁ([O,ﬁ];Rd)
continuously into L2([0, 3]; R?), hence the dual pairing is here given by the L?-scalar product.

3. PROOFS

In this section we prove our main Theorems 2.1, 2.2 and 2.3. In the first subsection we prove the
large deviations principle in Theorem 2.1 for the empirical path measures. In Subsection 3.2 we prove
Theorem 2.2, in Subsection 3.3 we prove Theorem 2.3 both on the basis of the proof for Theorem 2.1
and the contraction principle. The last subsection, Subsection 3.4, is devoted to the proof of the
exponential tightness of the distribution of the empirical path measure under the symmetrised measure
(1.1) and the exponential tightness for certain products of not necessarily identical distributed objects
coming form the two-level large deviation method occurring in the proof of our main Theorems 2.1
and 2.3.

3.1 Proof of Theorem 2.1

For the proof of Theorem 2.1 we have to show the following inequalities and properties,
(1) For any open set A C P(Dg),

o (sym) )
l}\I[ILléloflogIP’Nﬁ (LN € A) > ;relglﬁ (p), (3.1)
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(2) for any compact set F C PB(Dp),

lim sup log P(gym)(L € F) < —inf I(Sym)( )- (3.2)
N—oo HEF

(3) The sequence of probability measures (Pﬁ”ﬂ“) o L") Nen is exponentially tight.

The symmetrised measure Pf,y;‘) is not a product of i.i.d. measures, hence we first transform

the probability measure into a probability measure which permits an application of a version of the
Gértner-Ellis theorem. This will be done in Section 3.1.1 for the lower bound and in Section 3.1.2
for the upper bound respectively. The technique applied here is a purely combinatoric one and it is
inspired by the works of [Gin71] and [Téth90]. The counting arguments for the proposed combinatoric
methods are given by the results in [A01], where combinatoric counting was used to evaluate partition
functions in the microcanonical ensemble. For the whole proof of Theorem 2.1 the initial distribution
measure m € PB(Z?) allows some kind of compactification. The exponential tightness will be proved
in Subsection 3.4.

3.1.1 Proof of the lower bound of Theorem 2.1.
Fix an open set A € P(Dp) and a finite set A C Z¢ with m(A) > 0. We get the lower bound

Py (Ly € A) > Z >y HmA (2;) (@Px“%(z) Lyed), (3.3)

O'EGNCIHEA znyENiI=1

where mp(x) := m(z)/m(A) for any x € A defines a probability measure on A. The terminal points
To(;) are in A as well for any o0 € Sy, z; € A,1 <i < N. We want to employ the following combinatoric
scheme. We shall rewrite the sum over permutations with a sum on pair probability measures, where
we are only asking for the frequency of transitions from an initial point in A to a terminal point in
A. This frequency can be expressed in an easy way by a pair probability measure, i.e. a probability
measure on A x A. Let

1
P = PAx A)N NNQXA, (3.4)
be the set of pair probability measures @) with equal marginals such that NQ(x,y) € Ny for any
Qe ‘BXV) and any x,y € A. Note here, that at most N entries of (Q(z,¥))syen are nonzero for any

Q € ‘BW). Further, for a configuration T = (x1,...,zx) € AV and given pair probability measure

Qe ‘B(N) let
6n(7,Q)={oc €6y Yo,y A i{i: x; =z, 2, =y} = NQ(z,y)}, (3.5)

be the set of permutations which are admissible with a given configuration T and pair probability
measure (). Define the distribution

Pow=(® (72,)" ) 39

z,yEN

for any pair probability measure ) € ‘,BXV). Note that
N
Pl e =Pon QEPY,0e6n( Q)7 (3.7)
i=1
Clearly the measure in (3.7) does not depend on o € Sy as long as 0 € Sy (7, Q). Furthermore Q™
is the empirical measure of the configuration T € AV, hence

N
HmA(ﬂﬁz H ma NQ(I) ()
=1

FASIAN
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We insert a sum over @ € ‘,]3(N) (3.3) and continue the estimation in (3.3)

)
P<sym)(L cA)> Z Z H ma(z)NOM @) Z ( ® ( )®NQ y )(LN e A)
Qem(N) 19:<Z€<AN z€EA €GN (T,Q) myEA
ma(e)V VOB (Ly e a) T ENED)
QG%XN) g\ N 1%}\] N!

(3.8)
The measure Pg ~ is a mixed product of single distributions of the random walks with given starting

and terminal points. Recall that ngy is the conditional probability measure for a random walk starting
in x with terminal location y. Now we need to compute the counting term

Z ﬁGN (T Q

T, €A,

1§1§N
because the remaining factors in (3.8) do not depend on T = (z1,...,zx) € AY. We do this with the
help of an additional sum over configurations w € A with T, = w, where T, = (To(1)s -+ To(n)) €

(A)N for any permutation o € Gy. Thus

Do =303 > Um0 pvayen: £ simrwimy}=NQy)} (@)

zeAN 0€6N(T,Q) zeAN weAN ceGyN
(3.9)
= D > D MmO vrgen: 4 mimrwimit=NQw)} (@),
TeAN weAN: oc€EGN

L@)=Q(1) L(w)=Q)

where in the second line we took T € A™ according to the marginal Q, i.e. L(Z) = Q™. Here,
L(T) = Q™ means that the first marginal of @ equals the empirical measure of the configuration T,
i.e.

N

1
W () = — , ,
Q" (y) ~ ;_1 I, (y) for yeA

The same holds for the configurations w € AV, i.e. the sum is restricted to L(w) = Q™. Now we have
to count the single terms in (3.9). We start with the sum over the permutations. For fixed Z € A" and
fixed w € AV the number of permutations o € Gy with Z, = w is exactly [[,c,(NQ™(z))!, which
follows from the fact that for any = € A exactly (NQ™(x)) times the x appears in the configuration
T and w giving for the first permutation NQ™ (x) possibilities, for the second one NQ™(x) — 1 and
so on. The sum over the configurations 7 € AN with QW = L(Z) is just the multinomial distribution

<Ng<”> - H(%l%x))'

FASIAN

where > .\ NQ"(z) = N. In (3.9) the sum over the configurations T € A" gives the multinomial
factor, because all the other terms do not depend on the configurations  anymore. Thus, together
with the counting over the permutations we get

Z Z 1= N! Z ]l{Vx,yEA: #{i: xi:x,wizy}=NQ(ac,y)}(w)‘ (310)

x; EA, S cAN
1<i<N 7€6N (@.Q) Iid(w)zi

It remains to count the configurations w relative to the given configuration T and frequency NQ(z,y)
for any x,y € A. This number corresponds to the number of Euler trails in a complete graph or the



22 STEFAN ADAMS AND TONY DORLAS

number of configurations in a microcanonical ensemble specified through the pair measure @ (cf. [A01]
and references therein), and equals

[Toea(NQV(2))!
1 Vr,yeA: #{i: v;=z,w;=y}=NQ(z (w) = e . (311)
D wogen: #( wi=y}=NQ(w.y)} L. yea(NQ(z,1))!

weAN
L(w)=T

Thus we get from (3.8)

Py (Ly € A)

L M
Z H NQ( )(z) I_IILEEAA((];TV%(( ))))'PgN(LN € A). (3.12)
RIS

QE‘-B(N) zEA

Applying the Stirling formula for N1 &~ NN+1/26=N\/27 we get after some computation and estimation

H ma NQ(l) (z) [L.eaA(NQW(2))! > eCIAPlog N ~NH(Q|QM®my)
U [oyerNQ@.y)! -~
where
HQIQY @my) = 3 Qr.y)log V)
R Q)m(y)
is the relative entropy of the pair probability measure Q) € &]Afa‘(A x A) relative to the probability measure
QW @ mp € P(A x A), and where C' > 0 is an absolute constant. Hence,

P(sym)(L EA)>m(A)N —C|A|?log N Z *NH(Q\Q(”@mA)Pﬁ (LNEA) (3_13)
Qepy”

In (3.13) there is a sum over all pair measures in 2]3§\N). For any pair measure @) € ‘,f?(Zd x 7Z%) with

I(Q)

finite relative entropy H(Q|Q®m) and finite functional 5 we need an approximation with a sequence

(QN)nNen of pair probability measures Qn € ‘,BXV) converging to @) as N — oo in an appropriate way.
Additionally, we let (Ax)nen be a sequence of sub boxes Ay C Z% such that Ay T Z% as N — oo.

This will be done in the proof of the following proposition.
Proposition 3.1. Let (Ax)nen be a sequence of sub bozes Ay C Z¢ such that Ay 1 Z% as N — oo

and such that there is € > 0 with |[Ax[>/N = N~¢ and 4|Ay|>/N < § for all N € N. Then for any
open set A C P(Dg) we have

| . €) 3 . :
lim inf — log e NHQIQWEmAy )P (L e A) > — inf inf {H(Q|Q(1) ®m) + I(Q)(,u)}.
N—oo N QG%N) N HEA QeP(Z4xT4) o

(3.14)

Proof. Let A C P(Dg) be an open set, and let min A and @ € PB(Z? x 79) be given. In the case
H(Q|Q™W ®@m) = 400 or Jg"?)(u) = 400 the assertion (3.14) follows immediately. We assume therefore

that the relative entropy H(Q|Q™ ® m) and the functional J, (Q>( ) are finite. The first assumption
implies that supp (@) C (supp (m) x supp (m)), because

HQIQW @m) = H(QIQ™ @ QW) + H(Q™|m), (3.15)
where H(QW|m) =>4 QW (x)log QW) Hence, Q € P(supp (m) x supp (m)).
TEL m(x)

Our strategy is as follows:
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Step 1: In the first step we construct a sequence (Qx,\”) NeN of pair probability measures Qx,\” € ‘BEXNA;,

such that QX,\” — () weakly in the sense of probability measures as N — oo and such that the

Step 2: lower bound
- 5 (@)
l}\rfrilglof N log PQ%V),N(LN €A)>—-I;"(n (3.16)
for any p € A follows from a lower bound of a large deviations principle for the distribution of Ly
under the measure P° () > and that
QN 7N

Step 3:
1 (N) | ~(N,(1))
lim inf — log (e*NH@ziv " ®mAN>) > _H(Q|Q ® m). (3.17)

We will start with step 1.

Step 1: Construction of pair probability measures Qg s &]35{21

This construction is splitted into two parts. First we construct for a given pair probability measure
on Z%* x Z¢ with equal marginals a pair probability measure on Ay x Ay with equal marginals such
that it converges weakly to the given pair probability measure on Z¢ x Z¢. This is done in Lemma 3.2.
Ones we have a sequence of pair probability measures on Ay x Ay with equal marginals we construct
for this sequence a second sequence also with equal marginals but such that their single entries are
integers when multiplied by N.

Lemma 3.2 (Marginal construction). Let Q € P(Z? x Z%), Ay C Z% and zo € Ay and (ny) a
sequence in (0,1) with ny — 0 as N — oo. Define the |Ax|? entries of a function Qn: Ax x Ay —
[0,1] as

Q(-f,y) ) Zf $,y€AN\{$0}
Q<1) ($) - ZzeAN\{asg} QN(-f, Z) ) Zf MRS AN \ {wO}vy =0
Qn (T, 9) == oWy — : _ (3.18)
Q (y) ZZGAN\{CL‘()} QN(Zay) ) Zf (IS AN \ {$0},$ =0
1- Z (Zvy)GA?V: QN($,y) ) Zf (xvy) = (l’o,xo)-
(z,y)#(zg,0)

Then the following holds

(i) Qv € P(An x An)
(ii) Let (An)nen be a sequence of bores Ay C Z with Ax T Z% as N — oo. Then Qy — Q
strongly as N — oc.
(iii) Qn(xo,x0) > nn for all N € N.

Proof. (i) Clearly Qn(z,y) € [0,1] for all z,y € Ax \ {zo}, and Qn(z,z0) = ZzeAgVu{zo} Q(z,2) €
[0,1] and Qn(zo,z) = ZzeAgVu{zo} Q(z,x) €10,1] for all z € Ax \ {zo}. Also

Quieoz) =1-( > Qaw+ X Y (QEy+Qu)) bl

I,yGAN\{Io} CL’EAN\{IQ}yeA?VU{I()}

because the terms in the brackets are bounded by >, 74 Q(z,y). All [A ~|? entries of the function
@ sum up to one, because

S oQvey= Y QEwn+ Y (090 - Y (Qy+Qu.)

z,YyEAN z,yeAN\{zo} z€AN\{z0} yeAN\{z0}
+ Qn(xo,x0) = 1.
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For any z € Ax \ {zo} we get

V@) =Qn(@z)+ D Q@y=QV@) - >  Qn@y+ Y, Qy)

yeAN\{z0} yeEAN\{z0} yeAN\{z0}
=QW(2) =Q9(x) = Qn(zo,x)+ Y  Qn(y.2)
yEAN\{z0}

=QF (2);

and

V@) =Qnleoz)+ > Qua)= Y (QUw- > Q.2)

yeAN\{zo0} yeAN\{zo} z€AN\{zo}
+ QN (o, x0)
=1 X e+ 3 (RV@- Y Q)+ Q)
z,yeAn\{zo} zeAn\{zo} yeAN\{zo}
+ Y (@w- Y Qwe)
yEAN\{zo} z€AN\{zo}
=1— > QV@=1- > QY =QV ().
zeAN\{zo} z€AN\{z0}

Hence Qn € %(AN X AN).

(ii) First, a direct computation gives

Qn(zo,m)=1-2 > QU+ Y. Q(zy)

zeAN\{z0} y,z€AN\{z0}
= >, QUE- Y. QY+ D> Q=)
2€ASU{zo} yeAn\{zo} y,2€AN\{zo}
= Z Q<1)(Z) - Z Q(y7 Z)
z€ASU{zo} yeAN\{zo}
yeATU{z0}

= Z Q(xvy)7

y,2€ASU{z0}

this gives
Qn (w0, 0) — Q(z0,70)| = D> Qla,), (3.19)
Y,2€AS,
and hence
> 1Q,y) — Qn(x,y)| < > Qzy)+ >, Y. (Qy) +Qy,2)
z,yezd (zy)E(ANXAN)© zeAN\{zo} yEAY

<2 > Q)

(z,y)e(AN XAN)©
The assertion then follows since for any € > 0 there is Ng € N such that
Z Q(x,y) — Qn(x,y)| <e for N > N.
z,y€eLs
was arbitrary.

(iii) If QN (xo, x0) = Ey,zeAg\,u{xo} Q(x,y) < nn for all N € N we will multiply all the entries Qn(x,y)
for (z,y) € (Any x An) \ {zo,x0} with the factor axy = (1 — nn)/(1 — Qn(x0,20)). The resulting
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entries are then denoted by Qn(z,y). Clearly, Qn(zo,z0) = 1 — Z(m,y)EA?V\{fﬂo,fﬂo} Qn(z,y) > ny and
ay — 0as N — co. As

Z |Q(x,y)—@N(x,y)]§2 Z Q(x,y)—i-(l—aN),

ERVSVAS (z,y)€(AN XAN)©

all requirements in (i)-(ii) are satisfied by Q. O

We now construct pair probability measures Qx,v) € ‘BXVN) We apply the previous Lemma 3.2 for the

choice ny = (|Ay| — 1)?/N. Fix N € N and denote the pair probability measure Qu in Lemma 3.2
simply by ). Hence, we have the property that here is g € Ay such that

(1An| = 1%

Q(x0,z0) > N

(3.20)

Now we define |[Ax|? — |Ay| =: v components of a vector in [0,1]” which satisfy the conditions
(1)-(4) of (4.1) in Lemma 4.1. These coordinates define then according to Lemma 4.1 uniquely a pair
probability measure in ‘BXNN) when the single components are elements of {0,1/N,...,(N —1)/N,1}.
Now (JAy| — 1)? components are defined as

INQ(z,y)]

N for all =,y € Axy \ {zo}, (3.21)

QN (z,y) =
where |z | is the largest integer smaller or equal to # € R. The remaining |Ay| — 1 coordinates are
given as

Qva’(l))($) — LNQ](\I])(QU)J

where 9 € Ay as in Lemma 3.2 and in (3.20). We check that the conditions (1)-(4) in (4.1) of
Lemma 4.1 are satisfied, where we order the coordinates in an obvious way. Since Q"™ (z) < Q™ (z)
for all z € An \ {zo} we have >, cx o\ 120} QYW (z) < 1, ie. (1) of (4.1) is satisfied. For any
z,y € Ry one has [z +y] > [z] + [y]. Therefore, QW (z) > >> cp o\ (o} @@ y) and QW (2) =
QP (2) = Xy ean\fz0} @Y, @) for all z € Ay \ {zo} imply that

, forall z €Ay \{zo}, (3.22)

WY@z P Qe md QY@= Y QY wa)

yeAn\{zo} yeAn\{zo}

for all z € Ay \ {zo}. Hence, also (2) and (3) of (4.1) are satisfied. For z,y € Ay \ {zo} we have
Qx,v)(x,y) > Qn(z,y) — % =Q(z,y) — % Notice further that from the proof of Lemma 3.2 and our
assumption (3.20) we have

Qn(zo,m)=1— DY 2Q0@)+ Y Qy=QM ()~ >  Qz,x0)
sEAN\{zo} zyehn\{zo} v€AN\{wo} (3.23)
A _ 2
= Q(z0, z0) > w

Hence, an estimation and application of (3.23) gives

>R V@ - Y eew)< Y (2V@- Y Q)
zeAN\{zo0} yEAN\{z0} z€AN\{z0} yEAN\{z0}

An| —1)2

N (JAn|—1)

<1
N e — )
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and therefore (4) of (4.1). We define the remaining 2|Ax| — 1 entries of the function QY’, see the
proof of Lemma 4.1, as follows

V@)=V @) - > QYW (zy)

yeAN\{zo}
QY (20,2) =QV (@) — > QW(y.x) forxeAy\{zo}, (3.24)
yeAN\{zo} '
QY (o, m0) = 1 — ( Z 2Q () — Z QW (a, )).
z€AN\{z0} z,yeAN\{zo}

Then the components in (3.21) and in (3.24) define uniquely a pair probability measure Q(N) € ‘,]3(]\’)
for N € N.

Weak convergence of ( X,V)) NeEN
For z,y € Ax \ {zo} we have
QR (z,y) — Q(z,y)| <

and from this we get

QN (@.20) = Qw,20) < [QF (@) = V@) + 3 |Q@,9) - QY (@)
yeAN\{z0}
_N-i- Z ‘Q(%y)— (z, Z/)‘_T
yeAn\{zo}
and analogously
A
Qva)(xo,x) — Q(zp,x) < |N—N’ for any = € An \ {zo}. (3.26)
Moreover, with (3.19) we get
N (0, 0) — Q(z0,20) < 1QY (0, 20) — QN (20, 20)| + |QN (20, 20) — Q(z0,20)]
|AN| (3.27)
<=t > Q)
(m,y)G(ANXAN)C
and therefore
> W@ - ey < 2 S Q) (3.25)
) f— N b ) .
T, YEAN (z,y)E(AN XAN)C

and the assertion follows.
Step 2: Lower bound via Géartner-Ellis Theorem We are going to use the Gartner-Ellis Theorem
to deduce that .

. 3 > 7@

1}\511_)151; N logP 5\1]\,)7]\[([4\f €A) =157 (n).

For doing this, we evaluate first the logarithmic moment generating function for a given F' € Cy(Dg),
where we take the dual pairing PB(Dg) with Cy(Dg) ([DS01, Lemma 3.2.3]).

QM
o B N(F,L _ F(¢ (z,y)
AF) = Jim low B (00) = i Giog( T 220 )
x, N

= lim Z Q xylog]E ( (5))

N—oo
xyEAN

= Jim > QR @, y)log L, (M) = Y Q) logEL, ("),

z,YEAN x,y€Z4
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because the limit and the sum can be interchanged, and recall that Qny — @ (weakly) in sense of
probability measures as N — oo. Hence, A(F) exists, and

AF)= > Qlz,y)logE] (e"®) forall F e Cy(Dp).
x,yeZe

Also, it is easily seen that A is lower semi continuous and Gateax differentiable. Thus, [DZ98, 4.5.27]

together with the exponential tightness for the sequence (]P’g2 ) y © Ljvl) NeN, which is derived in
N

Lemma 3.5, gives

hmlanP’ oW N (LveA) > —I;(;Q)(M)v

where

19w = sup {(F) ~ A(F)}. e PDy).
FeC,(Dp)

Step 3: Estimation for the relative entropy We are going to show (3.17), i.e

liminf —H(QY|QF"" ©may) = —H(QIQY @ m).
—00

We are going to estimate the relative entropy of the pair probability measure QX,V) with respect to
Qx,v’(l)) ® mpy. We intend to bound this relative entropy from above by the relative entropy of the
restriction Q|p, of @ onto Ax x Ay with respect to the measure Q|X}>V ® my plus some error terms.
The latter relative entropy is known to converge to the relative entropy of Q with respect to Q ® m,
see [DSO1, Lemma 4.4.15]. We do this most conveniently with the help of the entropy

QW) =— > QV(z,9)log QY (x,y)
1y€AN
of the probability measure Q ), and a well-know entropy estimation, which we cite and prove in
Lemma 4.2 in the appendix. We write
HQY QY @my) = W= 3 QW (@,y) log QY™ (x)mn (y)
1y€AN
— H(Qlay) + [HQIay) —HQD) = > QW (z,9)log QT (x) @ mn(y)
(3.29)
xyEAN
) (V1) 4[An|?
H@Qlay) = D QN (w9)1og QY (@)mn(y) + =7 log 4N,
7y€AN
where we applied Lemma 4.2 with our assumption that % < %, the estimate
4|AN|?
> 1Y (0) — Qlay ()] < T2 (3.30)

IzyeAN

which follows from (3.25),(3.26) and (3.27), and a look at our previous assumption (3.20). Hence the
entropy difference is bounded by 4|Ay|?log 4N/N. Note

- > QP @y log QY @myy) == > QY (x,1)1og QR (z)mn ().

7yeAN z,yGAN,
QW (2)> 4



28 STEFAN ADAMS AND TONY DORLAS

Further
- Y QW@ logQY P @ma(y) < - Y. Qlay(x,y)1og QY (z)mn(y)

z,yA N, z,yEAN,
eM@)>4 eM@)>4
o Q(N<1))( )
< - Z Q|sz(95,y)IOgQ<1)’AN($)mN(y)+‘ Z Qlx ( )logw
z,yEA N, -’EGAN7
eM@)>4 eM@)>4
4|AN|3
<= Y Qlay(ep)10g QIR (@may) + =52,
1‘7y€AN
(3.31)
because of
4|AN|5

Qx[\’,(l))( ) Q(l)( ) N

Together with (3.29) and (3.31) we get finally the desired upper bound

HQYQW™ @my) < —H@Qlay) — Y Qlay(,y)log Q™ (@)mn(y) + O(N?)
z,yEAN (332)

= H(Qlay|Qly), ® mn) + O(N¥).
Clearly the right hand side of (3.32) converges to H(Q|Q" ® m) as N — oco. Hence the assertion
(3.17) follows.
Finish of the proof of the proposition
Now, (3.16) and (3.17) show that the left hand side of (3.14) is not smaller than

H(Q|Q™ ®m) — I ().

Since this is the case for any g € A and any pair measure @) € ‘}~3(Zd X Zd), the proof is finished.
O
Finish of the proof of the lower bound of Theorem 2.1

Now, Proposition 3.1 gives the desired lower bound for Theorem 2.1 when we apply it to the derived
inequality in (3.13). Note that

1 2
lim inf — 1 ( An)Ve—ClAn logN) _
finf 7 log (m(An) e 0
due to our assumption that |Ay|>/N = N=¢. Thus,

lim inf1 IP(W’")L A) > — inf 1&™
iminflog (Ly € A) Jnf, Ty (1)

O

3.1.2 Proof of the upper bound of theorem 2.1. For the upper bound we start with a finite box A C Z¢.
Later we will perform the limit A T Z¢. The main task is to estimate the probability of the two events
and to apply the combinatoric scheme introduced in the proof of the lower bound. Here, we are faced
with the problem that a random walk may start in A and terminate in A or the complement A€, or
start outside A and terminate outside or inside the box A. All events have to be estimated. To start,
fix a closed set F' C P(Dg), a box A C Z% and ¢ > 0.
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We split our sum over the N initial points of the random walks into a sum over the initial points in
the box A and over the complement A€ for each single random walk. Thus we write

oY =Y Y Y (3.33)

1 €74 TN EZY ac{l,c}N z1€A%L TN EACN

The estimate the probability }P’?V, ﬁ(L N € F) from above, we write the probability as the sum of the
following two events. The first event is the probability with additional indicator that the number of
random walks not starting in A is more than N, whereas the second event is the complement, i.e.
the same probability with indicator that the number of random walks starting in A is greater or equal
than (1 —e)N. Thus formally

o= > ey (33

x1€Z4 N EZD ac{1,c}N, xz1€A TN EAPN ac{1,c}V, 1 €AY TN EACN
f{i: a;=c}>eN f{i: a;=1}>(1—¢)N

The probability for the first event can be bounded from above by the factor 2¥m(A°)*N. For the
probability of the second event we have to sum over all possible subsets I C {1,..., N} with |I| >
(1 — )N, hence

N
PY5 (Ly € F) NI Z Z Z Z me% <® fﬂw’f())(LNEF)
N €GN ac{l,c}N z1EAY  zNEAN i=1 =1
= 2Nm(AC)€ (3.35)
N
DIND YD SEED SRS [Tt (® ) (BN € F).
O'GGN IC{1,..,N} ae{1,c}V: z1€A1 TN EACN =1 =1

[I|>1—eN  1={i: a;=1}

We consider only those random walks in the product of random walk measures in (3.35), which are
conditioned to start and terminate in the given box A. The contributions of the remaining random
walks are estimated from above by one. For any given permutation 0 € Sy and subset I C {1,...,N}
with |I| > (1 —e)N we define the subset I, = {i € {1,...,N}: (i) € I'}. This means that we replace
the product measure ®f\i1 Pgi,%(i) by the product measure ®ie[aﬂl Pﬁi,%(i). To perform this, we
have to replace the empirical path measure Ly by the empirical path measure L;_ ~, given as

1
L = — Oe(i) -
ot = [T 2%

From |I| > (1—¢)N we get that |[I,NI| > (1—2¢)N. We need some technical preliminaries to estimate
the error of this replacement. First note that Dg equipped with the Skorokhod topology is Polish
[DS01]. Next we need a metric for the probability measures on the Polish space Dg. Recall the Lévy
metric d on the Polish space B(Dg) [DS01], defined for any two probability measures p, v € PB(Dpg) as

d(p, v) = inf {u(I') < v(I%) 4§ and v(T') < u(%) +6 forall T =T C Dg} (3.36)
>
where 1'% = {u € P(Dp): dist(u, F) < &} is the closed d-neighbourhood of F. (By dist(u, A) =

inf,c4 d(u,v) we denote the distance to a set A C B(Dg)). Note, NLy(A) is the number of random
walk paths in any closed set A C Dg and therefore

NLN(F) < [Io N I|Ly,nr + 2eN,
which implies Ly (F) < Ly ~7(F) 4+ 2e. Thus, d(Ly, L;,nr) < 2e, and we get using |I| > (1 — )N

N
( ]P)giyil‘g(i))(LN € F ( ® ]P)l'ml‘ ()) LN € F2€)' (337)
=1 i€loNI
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We insert this in (3.35) and execute all the N — || summations over A% with j ¢ I since they do
not contribute anymore. All these contributions are estimated from above by one, and hence we are
left with the |I| sums over those x; with i € I, i.e. z; € A for i € I. Hence, we write T = (x;);es for a
configuration 7 € Al and get from (3.35)

P(Sym)(L c F) < 2N (AC)EN

—| > > > Hm(xi)< X Pgi%))@m[ € F%). (3.38)

T 0€GN IC{L,....,N} el il ielsNI
[I|>(1—e)N

In the following we put |I, N I| = n and recall (1 —2e)N < n < N. We observe that the product
measure does not depend on the full information of the permutation ¢ € &G. It depends only on the
frequencies of indices ¢ € I such that x; = x and z,(;) =y for any x,y € A. These frequencies can be
expressed with some pair probability measure

1
Qe PY :=PA x A) N ENAXA;

i.e. for example there are nQ(x,y) indices i € I, NI such that z; = r and z,(;) = y. Hence, we need
to count those permutations that satisfy the constraint and further that

1
QY = Z b, and QP = L(0(T) =~ D duq
zefgﬂ[ i€lsNI

Note that here the marginals Q@ and Q™ are not necessarily equal. But as n > (1 — 2¢)N we can
estimate the difference of these marginals with the metric d on (A x A). The marginal differs at
most by 2e, i.e. d(QW,Q®) < 2e. Define the set

B = {Q € B(A x A): A(QV, QD) < 2¢}.

We rewrite the right hand side of (3.38) with a sum on pair probability measures in the set ‘,]3&"’5) and
an additional sum over the subsets I C I with |I| =n > (1 — 2¢)N.

IP(SY’“)(L € F) < 2Vm(A°)=N

Y Y Y @@ (2,)" ) e 1) I miw)

JGGN ICIC{I ..... N}, (n,e) x€EA z,yEN iel\NT
=1|>(1—-2e)N QEP, \

]1{[ I NI}
x Z Z ]1{0'661\15 Va,yeA: j{iel: xi=r,ra(i>=y}=nQ(Iyy)}(U)

TeAl €GN
e S8 e @ e
(1- 25)N§n§NQem§\n)ex€A x,y€A
X Z Z —GN (Z, I , Q) H m(x;),
fcic{i,..N}, xeAI ie\T
n=|I|

(3.39)
where we introduced the set

6NE,[,Q) ={oc €BSy:Va,yc A: t{i e I: T = 1,7,y =y} = nQ(zr,y)}

of permutations admissible with @ and the configuration T € A’ on the index set IclI

Counting: We estimate now the cardinality of the set Sy (7T, I ,Q). We fix a configuration 7 € A!
and an index set I C I C {1,...,N} with [I| =n,(1—2¢)N <n < N. We evaluate the cardinality of



SYMMETRISATION FOR LARGE SYSTEMS OF RANDOM WALKS 31

the set Gy (7, I, @) with an additional sum over those configurations w € Al for which Li(w) = Q%
here L7(w) is the empirical measure of the configuration w. This gives

16N (7, 1,Q) = Z H{Vz,yGA:ﬁ{ief: zi:x,wi:y}:nQ(zﬁy)}(w)

uJEAI,

L(w)=Q® (3.40)
X Z ]l{wi:ma<i),ViEf}(0)'
ce6N
The last term is easily estimated as
S M@ = X ot T Phifctive s = i€ 1)
oE6N Icr|T=|1]

x [{o: {1,...,N}\ T — {1,..., N} \ T bijective }

< ('i') T (nQ® ()N — )t

TEA
The first term in (3.40) is given as in the lower bound via a counting of Euler trails ([A01]). Therefore
[[oea (@™ ())!
1 HlieT: 2wy = w) < == .
> Wagyen: sgicl: mimeiimp=nQ(y) ) [T, yon (1R, )]

weAl,
L(w)=(?)

Note that the two previous estimations do not depend on the configurations Z € Al as long as
_ 1
QY = L(@) = =} .
el
The number of all these configurations is clearly equal n!/J], ., (nQ™ (x))!. We split the sum over the

configurations T € A’ in the last line of (3.39) into a sum on (i), € Al and (z;), N AN , and we
estimate the term H ic [\fm(xi) from above by one. Hence, the last line of (3.39) can be estlmated as

Z Z ijN z, 1, ,Q) H m(x;) < Z ﬁ{(xi)iefe AL L((zi),c7) = Q<1)}

ICIC{I‘,.A‘.,N} :cEAI zEI\I fcIC{L:”N}’
n=|I n=|T|
y <|I|> [Toea QW (@) T ep (nQ® (x))! (N — n)!
n Hm,yEA(nQ(xmy))! N!

(3.41)

IN

NN (V2RI = )l [Lea(nQ® (2))!

; < ! ) (n) N luyea(Q(z,y))!

(N>2 [Toen(nQ® (2))! NIAP+C 2CeN [[oen @ (2)" Q)
n Hz,yGA(nQ(xvy))! H yEA Q(:L’ y)nQ(ac y)’

where we used that there is a constant C' > 0 such that ( ) < %N for all n with (1—2¢)N <n < N,

and where we used Stirling’s formula and some constant C. Inserting all this in the estimation (3.39)
gives

I
=

]P)(bym)(L c F) < N|A\ +C 2CeN Z Z an Q|m®Q(2))]P)ﬂ (Ln c FQE) + 2Nm(AC)€N
n>(1—2¢)N QE‘-BE\" €)
(3.42)

Large deviations:
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We now show for A C Z? fixed and any ¢ > 0 that

1
lim — log ( Z ean(Q|m®Q(2))ngn(Ln € FQE))

n—oon, Qem&"’s) (343)
< inf inf {H@meQ®)+ sw {(Fu+ Y Q@y)logE,("O)}],

2 S
HEF2 QEPY FECy(Dg) "

where B = {Q € P(AxA): d(QW,Q?) < 2¢} is the set of pair probability measure whose marginals
differs by at most 2¢, and where the probability measure Q € P9 is trivially extended to 74 x 74
by zero outside of A x A. To see this, consider the logarithmic moment generating function of the
distribution of L,, under the probability measure Pg,n’

AQ(D) = logEﬁ ’n(en<F’L">) =n Z Q(z,y) log ]Egyy (eF(E)) (3.44)
z,yEN

for any Q € P\ and any F € Cp(Dg). Now let @, € P be maximal for the mapping Q
e_"H(Q|m®Q(2))IP’gyn(Ln € F%). Then, since the set ‘Bf) is compact, there is a pair measure () € ‘Bf)
with lim, .., @, = Q weakly. Clearly the limit
1
A?(F) = lim —A@(F) = > Q(z,y)logEY (")

n—oo M,
z,yeA

exists, and is lower semi continuous and Gateax differentiable. Now the Gértner-Ellis theorem yields
that

1
lim sup — log Pg (Lnp € F*¥) < — inf  sup {(F, ) + g Q(z,y) log ]Egy(eF(E)) },
n—oo N U3 #EFQE FGCb(Dﬂ) N yEZd )

because we may assume that F%¢ is compact. We can do so, because Lemma 3.4 shows that there is
a sequence of compact sets My, C P(Dg) such that

1
lim limsup — log

P2 (L MC):— .
Jim Timsup - (sup P, (Ln € Mf)) = o0

Qexp(”

The cardinality of the set P4 is clearly polynomial in n, and by continuity of @ — H(Q|m ® Q®),
the assertion of (3.43) follows.

We are now in the position to perform the N — oo limit for the upper bound in (3.42). We get

1 ‘
lim sup N logIP’E;y?(LN eF)<— min{ —2Ce —log 2 — elogm(A°),
Nos (3.45)

inf inf {H(Q|m ® QW) + I (u)}},
HEF?E (@)

where we recall

I () = sup 3 (F,p)+ Q(z,y)log B (") L.
f FeCy,(Dg) { 17%:%1 ’y( ) }

The proof of the upper bound (3.1.2) of Theorem 2.1 is finished when we replace A C Z¢ and ¢ by
sequences (ey)nen and (Ay)yen with ey — 0 and Ay T Z% as N — oo such that |[Ay|?/N = N79
for some ¢ > 0 and such that exlogm(A§) — —oo as N — oo and use the following lemma. Recall
that my € P(Ay) is the restriction of the initial distribution on the set Ay.

Lemma 3.3. Fiz a closed set F' C B(Dg). Then for any sequence (en)nen satisfying ey — 0 as
N — oo and any sequence (AN)nen with Ay T Z% as N — oo,
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liminf inf  inf {H(Q|mN ® Q) —|—Ig’?)(u)}}
N=oe pel™ gex), (3.46)

> inf _inf {H(Q!Q“) ® m) +1;f’>(u)}.
)

HEF Qe(zd x 24

Proof. Clearly, my — m weakly as N — co. Now we pick approximating sequences of Q)’s and u’s
and employ compactness arguments. Thus, for any N € N pick uy € F?*N and Qy € ‘}3( V) such that

the sequences (H(Qn|my @ Q%) + IéQN)(uN))NeN converges to the right hand side of (3.46) and may
therefore be assumed to be bounded. The sequence (H(QY'|mn))nen is bounded because of

H(QnImy ® QY = HQY|mn) + HQNIQY ® QR).

As QY has support in Ay we have H(QY |my) = H(QY|m), and thus the sequence (Q)ven is tight
due to the fact that the level sets of the relative entropy are compact (see Lemma [DZ98, 6.2.12]).
As d(QE\?, (2)) < 2y — 0 as N — oo, also the sequence ( ())NGN is tight. By boundedness of
the sequence (H(Qn|QY ® QF))nen, also the set P := {Qy: N € N} is tight. Hence, according to
Prohorov’s theorem we may assume that Qny — @ as N — oo for some @) € ‘B(Zd X Zd). Since both
Q?,) — QW and Qﬁ) — Q® as N — oo, we get that Q € %(Zd x 7).

For C' > 0 sufficiently large, the sequence (u,)nen is contained in the set

{n e P(Dp): jnf I () < C}.

Now it turns out that this set is relatively compact. We are going to prove this fact now. Note that
it suffices to find a family of compact sets M C Dg, L > 0, such that

lim inf inf I? = .
L=00 QEP M¢

We prove this in the usual way with the exponential tightness and a lower bound for a large devia-
tions principle. The sequence (Ly)nen is exponentially tight under the probability measure ]P’g’ N
uniformly in @ € P (see Lemma 3.5). Moreover, it is easy to see that it satisfies a large deviations
principle with rate function [ éQ). Indeed, note that the logarithmic moment generating function of

L under the probability measure PgN y is easily shown to converge towards the function

F— Z (z,y) logIE ( (g)) ,F € Cy(Dp),
z,yez?

. The Gértner-Ellis theorem then provides the proof for the

whose Legendre-Fenchel transform is [ g’?)

large deviations principle. For L € N, pick a compact set My, C P(Dg3) such that

I[Dg]\,’N(LN € Mj) < e ™ forany L,N eN,Quy € P.

Now the lower bound in the mentioned large deviations principle gives us that

£ inf I > —limi nf ~ 1o Py v(Ly € Mf) > L,
SR 17 = ~ il iy loa oy (v € My) 2
implying that the sequence (uy)nen is tight. Therefore, we may assume that uy = p as N — oo
with some p € F'. Since uy € F?*N for any N € N and since ey — 0, we even have p € F, because F'
is closed. To finish now the proof of the lemma we employ the representation of the relative entropy
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as a Legendre transform (see [DS01, Lemma 3.2.13]. This gives

inf  inf {H(Q|mN ®QY)+ Ig‘”(u)}

Z(ngN>—log<e9,mN®Q§\2[>> +{®, un) Z Qn(z, y)log]E ( (5))7

z,yEAN
where g € Cp,(An X An) and F' € Cy,(Dpg) are arbitrary. Hence, we get

liminf inf inf {H(Qlmy © Q)+ I (1)}
N—oo peF2eN QE‘BE\EN>

(3.47)
> (9,Q) —log(e?, QW @m) + (F,u) — > Q(z,y)logEY (F®).

z,ycZ4

Since this holds for any g € C,(An x Ay) and any F € C,(Dg), the left hand side of (3.47) is not
smaller than H(Q|Q™ ® m) + Ig‘?)(u). Therefore,

Lhs. of (3.47) > inf _inf {H(Q!@@m)—l—lgg)(u)}, (3.48)
HEF Qep(zd x24)

and the assertion of the lemma follows. O

3.2 Proof of Theorem 2.2 We prove Theorem 2.2 in the following. Denote by ¥ the continuous
mapping

W P(Dy) — D0, B RY), 1 W () = /D w p(dw).
5
Note that Yy = U(Ly) and recall that Dg = Dg([0,5];Z%). The contraction principle [DSO01,

Lemma 2.1.4] ensures a large deviations principle for Yy under the symmetrised measure P(sym) with
the rate function

i@ = it AHQQYem) + I W)}, (3.49)
QEP(ZIxZ)
where
I[P (w) = . %&i» I (). (3.50)
W(p)=

Therefore we need to show that [ A(bym) I 7evm , and for that it suffices to show that I /}3@) = I 19 If we

consider the class of functions F' € Cb(Dg) of the form Fi(w fo ds(ws, fs)pa for f € LQ([ , B); RY)
we get for p € P(Dp)

5 .
I (w) > sup ){/Dﬁ u(dw)/O ds(ws, fo)ra — > Qlx,y) logEE,y(efo d <fs,£s>m)}

feL2([0,4];rd x,yeZe

— I (w(p)).

If we now take the infimum over all probability measures p € P(Dg) with ¥(u) = w we get that

fg’?) > I 9. To prove the complementary bound 7 A(Q) < I I'@ seems to cause major technical difficulties.

We therefore proceed in an indirect way. We show that both A(Q> and I ['9 are the rate function for the
same large deviations principle. In the proof of Proposition (3 1) we have shown that the empirical
path measures Ly satisfies a large deviations principle with rate function I gg) under the measure
Pg N where Qn € &]3(N)

Proposmon 3.1. Accordlng to the contraction principle the sequence (Yxn)nyen satisfies, under the
9.
8

is the sequence of pair probability measure from step 1 in the proof of

measure szv, N a large deviations principle with rate function
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Now we show directly that the sequence (Yy)nen under the measure }P’gN y satisfies a large devia-
tions principle with rate function I éQ), which finishes the proof. Recall that Qn € iBEXNA; with Qn — Q

as N — oo. We perform this in the usual setting of the Gértner-Ellis theorem. Let f € L%([0, 8];RY),
the logarithmic moment generating function is then

An(f) =10gE} (eN<f’YN>) = log ( IT =2, (eff ds<fs:£s>Rd)NQN(m’y))

IzyeAN
=N Z QN(xv y) log Egy (efoﬂ d5<f57§5>Rd> 7
muyEAN
and hence

A= Jm AN = 3 Qe y)log L, (e (e Suate),

N—oo
x,ycZd

It is easily seen that A is lower semi continuous and Gateax differentiable. The Legendre-Fenchel
transform is equal to [ éQ). According to Lemma 3.5, the sequence (Yx)nyen is exponentially tight

under (IP’ZN’ ~)Nen. Hence, the Gértner-Ellis theorem finishes the proof. O

3.3 Proof of Theorem 2.3 In this subsection we prove Theorem 2.3. We denote by 7s: Dg —
Z4, s € [0, 3], the canonical projection ms(w) = w; for w € Dg. Then the mapping

d 1 A —1
T2 (D) = BE. = T = 5 [ e

is continuous and Zy = T(Ly). Then a large deviations principle for the mean Zy of occupation
local times with rate function

e = i {HEQIQY @m)+ TP (m)}, (3.51)
QEP(Z4xL?)
where
@) inf @ 3.52
Ko = nf L), (3.52)
T(pn)=p

is given via the contraction principle [DS01, Lemma 2.1.4]. Therefore we need to show that .J gym) =
j(ﬁsym), and for that it suffices to show that J g‘g) = f(ﬁQ). We relax the set of functions over which we
perform the supremum. For a fixed probability measure 1 € P(Dg) we consider bounded continuous
functions F' € Cy(Dg) Sf the form F(w) = %foﬂ dsf(ws) for any bounded function f € B(Z?) and
w € Dg. Then for Q € P(Z4 x Z%)

1§ (p) > sup {/D u(dw)%/oﬁdsf(ws)— > Q(_r,y)]Og]Egy(e%f(?f(Q)ds)}
B

feBz?) z,yeZd
= ST ().

If we now take the infimum over all probability measures p € PB(Dg) with T'(u) = p we get that
f(ﬁQ) >J g‘?). To prove the complementary bound f(ﬁQ) <J gg) seems to cause major technical difficulties.

We therefore proceed in an indirect way. We show that both J éQ) and J éQ) are the rate function for the
same large deviations principle. In the proof of Proposition (3.1) we have shown that the empirical

path measures Ly satisfies a large deviations principle with rate function I gg) under the measure
szv, N> Where Qn € 2]3§\NN) is the sequence of pair probability measure from step 1 in the proof of
Proposition 3.1. According to the contraction principle the sequence (Zy)nen satisfies, under the

measure szv, N & large deviations principle with rate function f(ﬁQ).
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Now we show directly that the sequence (Zy)nen under the measure IP’?2 N satisfies a large devia-
tions principle with rate function J gg) which finishes the proof. Recall that Qyx € ‘,]3(N) with Qny — Q

as N — oo. We perform this in the usual setting of the Gértner-Ellis theorem. Let f € B(Z9) any
bounded function, the logarithmic moment generating function is then

AN(f)ZIOg]EgMN(eN“ZW):log( I1 Egy(&ff(gs)ds)NQN(%w)

IzyeAN
=N S Quley)logBL, (el T€)%),
m7:'7/61\]\]

and hence

A(f) = lim —AN(f) Z Q(w,y)logE§7y<efoﬂf(Es)ds)'

N—oco N
z,yez?
It is easily seen that A is lower semi continuous and Géteax differentiable. The Legendre-Fenchel
transform is equal to JéQ). According to Lemma 3.5, the sequence (Zy)nyen is exponentially tight

under (IP’ZN ~)nen. Hence, the Gértner-Ellis theorem finishes the proof. O

3.4 Exponential tightness We prove in this subsection the exponential tightness of the distributions
of the empirical path measure Ly under P(Sym) and under IP’ y for any pair measure @ € ‘,B(N) For

the first result we use the compactification glven by the 1n1t1a1 distribution m of the random Walks

Lemma 3.4. The empirical path measures (Ly)nen are exponentially tight under the symmetrised
measure P](Gyé“ ).

Proof. For I € N, choose a subset A; C Z¢ such that m(A7) < e Furthermore, choose §; > 0 so
small that

1 2
sup P, ( sup e —&lAlGr —Gl+ sup 60 -€O)+ sup g0 -&(B)] > ) <e ",
Y€ t—6; <t/ <t"" <t+, 0<t<4; B—6<t<p

where we write £ = £® for a single random walk. Consider the set

1
= {w € Dg: w(0) € Aj,w(B) € Ay, sup lwy — wi| A |wer —wy] < =
=8 <t <t <t+6, 3l
1 1
sup |w(t) —w(0)] < o7, sup  |w(t) —w(B)| < o7}
0<t<4; B—8,<t<f 3l

According to a well-known characterisation of compact subsets in Dg, compare e.g. [Dor96, Lemma 2.1]
or [Par67], A, is relative compact in Dg with respect to the Skorokhod topology. Now put K := {u €
B(Dp) : u(4)) < %} and note that Kj is closed by Portmanteau’s theorem. Let M € N be given and

consider K := ﬂ K;. The set Kjs is tight and by Prohorov’s theorem Ky is compact. We shall
1=

show that Pﬁ"ﬂ“)(L € K§,;) < e MN_ Observe that

{LNer}c{ﬁ{ie{l,...,N}:g<i>eAC}>E}
c {#ti & }>—} {#i: ¢ e Af} > 3Z}U{ﬁ{i: e nLEY e N,

1
sup &y — &l A& — &| > =, sup [€(t) — £(0)] > —
t—8 <t/ <t <t+5; 3l 0<t<5, 3

sup[€() €3 > 5} = 2 ).

B—6<t<p
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Clearly,
sSym N sym N
P (i: € € AT} > 00 = B (1hi: &) € AT} > )
< Y 1 ¥ z; ®}P’ (Viel: &) eny)
= NI () Q) P : (3.53)
I1c{1,...,N}: ceBN xe(Zd)N =1
111> 47
< m(A?)lIl < e—lN/32N'
111> 5
Furthermore,
sym - 1 i 1
ngyg)@{li &y € A&y € Ay, sup & — &l A& — &l > o,
’ L8, <t' <t/ <t+4, 31
1 1
sup [6(H) = €0) > 35, sup_[¢(t) = €(8)] > )
0<t<6, B— 61<t<ﬁ
N .
Y Y Y T @, (vier g e ng e n,
> 'UEGNa:e ZAYN i=1 i=1
sup e — &l A &g — &l > gv
t—8, <t/ <t"' <t+5, (3.54)
1 1 '
sup_[¢(t) — £(0)] > 57, sup_[€(t) —€(9)] > o)
0<t<6, 30 B—8,<t<j 3l
1
< Z sup Z Hm T 1_[}PJ ( sup & — &l A& — &l > o,
‘I\>N (yi)icr €A x €A i€l i€l el t=0 U<t <t+4; 3
1 1
sup [6(6) = €(0)| > =, sup_[¢(t) =(8)| > 57 )
0<t<6, B—8<t<f
< Z e IN/3 < o—IN/39N
\71>%
Hence,
o0 o0
}P’(“ym)(L € K§)) < Z Pﬁf,y;)(LN €Kf) < 39N Z o IN/3 <6 % oN o—NM/3 < o~ NM/5
I=M I=M
for all large N if M > 24. This ends the proof. ]

The following exponential tightness is due to the product structure of the probability measure ]P’g N

for any @ € ‘,B(N) Here we have a product of not necessarily identical distributed random walks.

Lemma 3.5. Let (Qn)nen be any sequence of pair measures Qn € ‘BX\’J\? on Ay x Ay with Ay 1 Z%

as N — oo. Then the family of distributions of Ly (respectively of Yn and of Zy) under ]P)ZNJV is
exponentially tight.

Proof. We will prove the case for the empirical path measure Ly. The proofs for Yy and Zy follow
analogously. Our proof is an adaptation of the proof for the ii.d. case (see [DZ98, Lemma 6.2.6]).
From the previous Lemma 3.4 we have a compact set A; C Dg and a subset A; C Z% such that

sup P2 (€ € A) <e 2 (el - 1), (3.55)
‘TvyeAl
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The set M; = {v € PB(Dg): v(A7) < 1/1} is closed by Portmanteau’s theorem. For M € N define
K = (2, M. By Prohorov’s theorem, each M is a relative compact subset of PB(Dg). Then we

(N)

derive via Chebycheft’s inequality for any Qn € B An

1 _
}P’gN,N(LN ¢ M) = PéN,N(LN(A?) > 7) <e 2N1EgN .

)

= e_2NlIEgN7N<eXp (212 i\[: ﬂ{f(i) € Alc})>
i=1

( eZleLN(AlC))

NQn () (3.56)
_ 2N H Eg}y(exp (212]1{£<1> c Azc})) N(zy
xvyEAN
NQ b
< g 2N H Eg,y(l 12l (e_2l2 (el B 1))) ~N(z,y) <e M.
fCuyEAN
Therefore,
o0 o0
Py NIy & Kn) <Y Py Ly ¢ M) <D e N < 20 MN2, (3.57)
=M =M
which implies the exponential tightness.
O

4. APPENDIX

4.1 A Lemma for pair measures

In this appendix we provide a lemma for a unique characterisation of a pair measure with equal
marginals via a vector in the coordinate space. Let F € N and v := E? — E in the following. The
following lemma characterises pair probability measures Q € B({1,...,E}?) which have equal first
and second marginal. Recall the definition for the first and second marginal, respectively Q™" (j) =

Y b1 QUi k) and Q®(j) = S0, Q(k, j) for any j € {1,..., E}.

Lemma 4.1. Let x = (z™,...,2") € [0,1)” be a vector with the following properties

E-2
(1) Z 2 *E+D <1

k=0
(k+1)E
(2) Z 29 < g*FY for k=0,...,F —2;
j=kE+2
o (4.1)
(3) Z pFPEIE) < pREFD - for b =0,..., E —2;
j=0
E—2 E—2
4) 1> Z (2$<w+1> _ Z x<k+z+1E>)'
k=0 j=0
Then x defines uniquely a pair probability measure on {1,..., E}? with equal first and second mar-

ginal.
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Proof. Let x € [0,1]” with the properties (1)-(4) in (4.1) be given. We define (E — 1)? entries of a
function Q: {1,...,E}?> — [0,1] and E entries of a function Q: {1,..., E} — [0,1] in the following
way:

QW (1) :=aW; Q(1,1) :==z®; c Q,E—1):=a®
QW (2) := xF+Y; Q(2,1) := zFt?; oy Q(,E—1):=a®®
; (4.2)
QWE-1):= p(E-D?), QE-1,1):= (E=DD. QE—-1,E—1):=2"
respectively the F entries
QW (j) =2 UVE for j=1,...,E—1 and QV(E):=1— Z QM (3j) (4.3)

The remaining (2E — 1) entries of the function @ are functions of the given entries in (4.2) and (4.3)
and are given as

E-1 E-1
QU E) :=QWV () — > QUk) and Q(E,j) :=QV(j) = > Q(k,j) for j=1,....,E—1; (4.4)
k=1 k=1
and
QEE)=1- > QUk): (4.5)
(G,k)E{L,-,}2,
(z,y)#(E,E)

The entries of the function @ defined (4.3) and (4.4) are elements in [0, 1] because of the properties
(1), (2) and (3) of (4.1). Property (4) of (4.1) gives that Q(E, E) € [0,1], because of

- 3> QU —1—(2262(“ ZQM)

(G,k)E{L,..,}2, j,k=1
(z,9)#(E,E)

Thus Q(j, k) € [0,1] for all j,k € {1,...,E} and Q™ (j) € [0,1],5 € {1,...,E} and Z QW) =

Clearly,
E—-1 E— 1

3 ZQJ, )+ > (200) - JiB)+ QK ) ) + QE,E) = 1.

j,ke{l,...,E} k,j=1 j= k:l

For any k =1,..., E — 1 we have from the second equality in (4.4)

E-1
QP (k) = Q(E, k) + > _ QU, k) = QW (k).
j=1
From (4.3), the first line of (4.4) and (4.5) we get
1

E—
QP(E)=Q(E,E)+ ) QU,E) =
j=1

E-1 E-1 E-1 E-1
=1-(X22000) - X Qi) + X (V6 - Y- Qb))
j=1 Jk=1 J=1 k=1

E-1

I
—
|

QY(j) = QV(E).

1

.
Il
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Hence, altogether the defined function Q: {1,...,E}?> — [0,1] is a probability measure on
{1,..., E}? with equal first and second marginal. O

4.2 Entropy estimation The following lemma gives an entropy estimation. As we are not aware of
any reference for this we include the proof of this lemma.

Lemma 4.2 (Entropy estimation). Let E be a finite set and P,Q € P(E) two sub-probability
measures such that

1 1
Y |IP@) - Q)| <a< 5 Jfor ae(05]. (4.6)
zeE
Then the difference in the entropies is bounded as
|H(P) - HQ)| < —alog —: (4.7)

!EI

Proof. We write A(z) = |P(z) — Q(x)|,x € E. Since the function f(z) = —zlogz is concave and
£(0) = f(1) = 0, we have for every 0 <z <1—A,0 < A < I the estimation

[f (@) = f(z + A)] < max{f(A), f(1 = A)} = —Alog A.

Hence for 0 < a < % we get

|H(P)— H(@Q)| <> |f(P(x)) - f(Q(x))|

z€E
< — ZA )log A(x) = (—Z#log#—loga)
z€E zelR

<alog|E| — alog a,

where we used for the last estimation the usual entropy estimate. O
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